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MORPHOLOGICAL DEVELOPMENT OF NODULES ON 
CARAGANA ARBORESCENS LAM.' 


By Etuer K. ALLEN’, K. F. Grecory’, and O. N. ALLEN‘ 


Abstract 


Developmental stages of nodules on Caragana arborescens, a woody perennial 
leguminous species, were studied. Root hair invasion and early cortical infec- 
tion conformed to the well-known description of herbaceous leguminous nodules 
having apical meristems, except that a relatively smaller number of cells was 
infected. In the region of maturation behind the nodule meristem the infection 
threads remained active throughout the growth of the nodule and served to 
spread the infection to newly-formed cells. In mature nodules the distribution 
of red pigment, leghemoglobin, corresponded exactly with the location of the 
active bacteroidal tissue in the apical zones. Endodermal thickening of the 
vascular sheath and suberization of the nodule endodermis apparently restricted 
nutrient diffusion and aeration within the proximal areas. Senescence commenced 
relatively early, presumably as a result of these factors. However, the thicken- 
ing of cell walls in these areas delayed, or prevented, necrosis; and a protective 
periderm which supplanted the outer cortex enhanced longevity of the nodule. 
Nodule rootlets projecting from six- to eight-month-old nodules were observed. 
The development of these rootlets from lateral branches of vascular strands and 
from terminal extensions of the apical tips of vascular bundles within the nodule 
is described. 


Introduction 


With few exceptions, our current concepts of the anatomy and development 
of typical root nodules caused by rhizobia (genus: Rhizobium) are derived from 
studies of those borne on herbaceous leguminous plants. In general, these 
nodules are fragile structures which decline in function during plant fruition 
and disintegrate soon thereafter. Degeneration of these nodules is followed by 
release of the rhizobia into the rhizosphere. Explanations for the loss of nodules 
concomitant with natural plant growth are given in recent reviews (1, 4). 

Other studies show that nodules persist for long periods of time on woody 
perennial leguminous plants. In 1919 Spratt (27) observed that elongated 
nodules on certain woody species in the genera Acacia, Robinia, and Sophora 
showed indentations indicative of apical seasonal growth periods alternating 
with winter dormancies. Beaded nodules denoting four- and six-year growth 
increments have been described on Wisteria sinensis by Molisch (24) and 
Jimbo (20). 

1 Manuscript received October 22, 1954. 
Contribution from the University of Wisconsin, published with the approval of the Director 
of the Wisconsin Agricultural Experiment Station. 
2 Collaborator in Bacteriology, Department of Bacteriology, University of Wisconsin, 
Madison, 6, Wisconsin. 
3 Present address: Department of Bacteriology, Ontario Agricultural College, Guelph, Ontario. 


4 Professor of Bacteriology, Department of Bacteriology, University of Wisconsin, Madison, 
6, Wisconsin. 


[The January issue of this Journal (Can. J. Botany, 33: 1-138. 1955) was issued 
January 19, 1955.] 
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This study concerns nodule development on Caragana arborescens Lam., an 
erect shrub or small tree commonly known as caragana or the Siberian pea 
tree. Since its introduction into the Western Hemisphere from Siberia, it 
has found considerable use as an ornamental hedge in the northern part of 
the United States and Canada because of its tolerance of drought in cold, 
semiarid regions. According to Cram (13), the Forest Nursery Station at 
Indian Head, Saskatchewan, Canada, distributes annually more than 1.5 
million caragana seedlings for field and home shelter belt purposes. The 
present study was promoted by observations of rootlets emanating from 
nodules on greenhouse plants which had been inoculated with rhizobia (16, 
17). The origin of rootlets in leguminous nodules has been reported heretofore 
for only one leguminous species, Sesbania grandiflora Poir. (18). 


Materials and Methods 


The bulk of the root nodule material used in this study was obtained 
from plants of C. arborescens ranging in age from seedlings to eight months 
which were grown in sterilized quartz sand under greenhouse conditions. 
These plants were grown from surface-sterilized seeds which were treated with 
inocula of rhizobia originally isolated from nodules of the host species (16). 
Bond’s sterile mineral salt solution (2) and distilled water were supplied as 
needed throughout the growth of the plants. At intervals a jar was emptied 
of its contents, the root systems of the plants were carefully examined, and 
representative nodules were selected and prepared for histological examination. 
Other specimens were obtained from nodulated 20-year-old shrubs growing 
on the campus of the University of Wisconsin. 

Formalin-acetic-alcohol or Craf II solution was used as the killing and fixing 
agent for most of the nodule material. Embedding in paraffin of melting 
point 58° C. followed serial dehydration through the alcohol and xylol series. 
Sections were cut 6-10 yw in thickness. In order to obtain both longitudinal 
and cross-section views of the same nodule, some of the larger specimens were 
sliced in half crosswise with a razor after fixation and each nodule half was then 
embedded separately. Each half portion was first sectioned longitudinally 
until median views were obtained ; the remaining quadrant was then reblocked 
and cross-sectioned. This procedure facilitated a better understanding of 
tissue relationships. 

Heidenhain’s iron-alum hematoxylin or basic fuchsin followed by fast green 
FCF as a counterstain proved useful for demonstrating general anatomical 
details within the sections. A staining sequence consisting of 1% aqueous 
safranin 0, 15 hr., Gram’s iodine, 5 min., 1% alcoholic crystal violet, 2-10 min., 
followed by clearing with Orange G in clove oil to remove the excess crystal 
violet was found satisfactory. This staining procedure differentiated with 
equal clarity the vascular system, starch granules, and the rhizobia in the 
infected tissue. The distribution of starch was also shown by a 2% tannin 
mordant followed by crystal violet (12). The presence of suberin in fresh 
sections was shown with potassium hydroxide followed by chlorzinc-iodide (21). 
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Observations and Discussion 


Nodule Formation and Development 


Nodules were observed macroscopically on the roots within two weeks 
after emergence of the seedlings. Susceptibility of the greenhouse plants to 
rhizobial infection was not pronounced despite the use of massive inocula. 
The young nodules were round but later they became elongated and usually 
branched into several lobes (Fig. 1). Only the growing tips of the mature 
nodules remained flesh pink and succulent; the rest of the nodule underwent 
successive surface color changes from flesh to green to tan and finally to dark 
brown. Accompanying these changes the posterior portion of the nodule 
developed a woody texture and bark-like surface. The occurrence of multi- 
branched nodules on the four-month-old plants was evidence that the number 
of branches on nodules of this species, unlike nonleguminous nodules (11), 
may not be used as an index of the number of years of growth. Nodules 
consisting of successive round lobes, described by Virtanen and Laine (30) as 
simulating “‘pearls in a string’’, were not observed on any of the greenhouse 
plants; however, they were noted on the roots of the shrubs growing on 
the campus. 

Details of the initial root hair infection stages, the invasion stages of the 
root cortex by infection threads, and the early cytological changes within the 
host tissues (16) are omitted here since they conformed to the well-known 
pattern of nodule formation on herbaceous leguminous plants (1, 4). 

In the caragana nodules the apical meristematic growth (Fig. 2) produced 
a cylindrical-shaped ‘‘bacteroidal’’ zone, so-called by investigators (1, 4) 
because the normally rod-shaped rhizobia in this area frequently assume 
pleomorphic forms after their release from the infection thread. In the region 
of tissue maturation adjacent to the apical nodule meristem, the infection 
threads remained active throughout the growth of the’ nodule and served to 
disseminate rhizobia into the newly-formed cells. Bifurcation of the nodule 
meristem frequently resulted in dichotomously branched nodule tips which 
often branched again. 

As the nodule elongated, only a relatively small region immediately posterior 
to the meristematic tips contained active rhizobia-filled cells (Fig. 3) while 
the basal areas showed deterioration. In consequence, the total volume of 
active bacteroidal tissue in the large old nodules was not appreciably greater 
than that in younger ones. The red pigment, leghemoglobin, commonly found 
in effective nodules, was contained only in the youngest, or terminal, lobes 
and coincided precisely with the site of bacterial activity. As the cells in this 
region relinquished their apical position to the newly formed cells, they became 
green and later brown in color. The changes in coloration have been attributed 
to the conversion of leghemoglobin to legcholeglobin and legmethemoglobin, 
respectively (30). 

In young mature nodules 50-60% of the cells in the bacteroidal zone lacked 
rhizobia; in old nodules approximately 80% of the cells were not infected. 
Nonetheless, the total volume of infected tissue was appreciable, inasmuch as 
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Fic. 1. Nodules from C. arborescens: A, nodule from a four-month-old plant (x6); 
B, nodule from a five-month-old plant (<4). Arrows point to protuberances from which 
rootlets later emerged. Fic. 2. Median longitudinal section of the apical meristematic 
zone of a one-month-old nodule showing active bacteroidal tissue and vascular strand 
(x40). Fic. 3. Longitudinal section of a six-month-old nodule showing active 
bacteroidal tissue in the apical lobes only (7-5). Fic. 4. Bacteroidal tissue of a two- 
month-old nodule. Hypertrophied cells contain rhizobia and small starch granules 
around large central vacuoles; noninfected cells contain large starch grains (750). 
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the infected cells ranged between four and eight times larger than the non- 
infected ones (Fig. 4). Chen and Thornton (12) proposed that the amount 
of nitrogen fixed by a nodule is directly proportional to the volume of infected 
cells and the duration of their activity. Although the volume of infected cells 
in these nodules was small as compared with the total nodule mass, it was 
apparent that the long functional period of the nodules afforded considerable 
fixation of nitrogen (17). Large starch grains were conspicuous in the non- 
infected cells which were interspersed among the infected ones of the mature 
bacteroidal zone; also many of the infected cells contain a peripheral layer 
of small starch granules (Fig. 4). Except in those of the common bean, 
Phaseolus vulgaris (22), starch deposition is usually scant, or absent, in nodules 
of the herbaceous leguminous plants studied to date. 

Differentiation of xylem and phloem cells commenced at the base of the 
nodule tissues within the parenchymatous layer between the infected zone and 
the parent root stele. Concurrently, provascular strands were initiated from 
one or two neighboring protoxylem points within the root stele. During their 
outgrowth and maturation these strands joined with the conducting tissue in 
the nodule and thereby provided vascular linkages between the nodule and 
the parent root. Vascular strands soon extended around the periphery of the 
bacteroidal tissue. By means of progressive acropetal differentiation and 
dichotomous branching of the vascular strands (Fig. 5), an elaborate con- 
ductive system was developed which kept pace with the apical growth of 
the nodule. 

The number of vascular branches produced was not constant. Cross 
sections of two- to four-month-old nodules often showed as many as 24 diarch 
vascular bundles. These bundles never came in direct contact with the 
bacteroidal tissue owing to the interposition of several cell layers of noninfected 
parenchyma. Each bundle consisted of xylem and phloem encased within an 
endodermal sheath characterized by suberized Casparian strips. These strips 
were absent in the immature bundles at the distal end of the nodule. Frazer 
(15) found this condition in elongated nodules of pea, clover, and broad bean. 

Two or three cells outward from the bundles a suberized cell laver encircled 
the entire region containing the vascular strands and infected cells and formed 
a boundary between them and the outer cortex. A similar suberized layer in 
nodules of other species has been designated ‘‘lateral endodeimis’’ (29), 
“common endodermis” (15), and ‘‘nodule endodermis” (&). The latter term 
is preferred here to distinguish it from bundle endodermis. Only the apical 
zone of the caragana nodule was not enclosed by this endodermal layer. 
Toward the base of the nodule this layer showed progressive suberization 
ranging from typical primary to secondary endodermis with complete suberin 
lamellae. These gradations were best seen in oblique sections (Fig. 6). Thin- 
walled transfusion cells characteristic of this layer in spherical nodules were 
not observed. 


In some instances the nodule endodermis served as the outer laver after the 
nodule cortex had been damaged or had sloughed off. Except at the growing 
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Fic. 5. Dichotomous branching of vascular strands in a tangential mid-section of a 
three-month-old nodule (40). Fic. 6. Oblique section through nodule showing older 
basal area (upper left) and immature apical zone (lower right). Note that the encircling 
layer of nodule endodermis occurs only in the older tissue (X30). Fic. 7. Protrusion of 
seven rootlets from apex of an eight-month-old nodule (<6). Fic. 8. Median longitudinal 
section through the apical half of the nodule depicted in Fig. 7 showing the extension of 
the vascular bundle into the rootlet (X15). 
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tips, the nodules were well protected by a brown bark-like layer which 
supplanted the outermost cells of the cortex (Fig. 1). Similar protective 
surface layers in perennial nodules of Amorpha fruticosa (14) and Robinia, 
Acacia, and Sophora spp. (27) have been designated cork periderm. 

Throughout the life of the nodule the volume of infected tissue which was 
functionally active in nitrogen fixation remained more or less constant. 
Therefore, as the nodule became larger, the ratio of this volume to total 
nodule mass became smaller. The largest amount of functional bacteroidal 
tissue in relation to total nodule mass was found in nodules about one month 
old; in two-month-old nodules, the ratio approximated 1:2, whereas, in 
six-month-old nodules the functional bacteroidal tissue usually comprised 
only about one fifth of the nodule mass. However, surprisingly little, if any, 
difference existed between the estimated volume of this active tissue in the 
one- and six-month-old nodules. 

Early stages of degeneration were not easily recognized macroscopically, 
however freehand longitudinal sections showed pigment demarcations within 
the bacteroidal tissue. The shift in physiological status of the nodule came 
about so gradually that it was not possible to designate any specific factor 
as the immediate cause. Histologically, the first indications of degeneration 
were observed in the base of the bacteroidal zone of nodules borne on four- 
week-old caragana plants. Degenerative changes progressed towards the 
distal end and were evidenced by lysis of the rhizobia and the disintegration 
of the starch, nuclear, and cytoplasmic contents of the host cells. This 
condition was easily recognized by a lessened affinity for stains (Fig. 3). The 
mottled appearance of the area involved was intensified by the dispersion of 
numerous minute vacuoles among the bacterial and cytoplasmic aggregates. 
No evidence was obtained that the rhizobia invaded the intercellular spaces as 
in nodules of clover (23), alfalfa (28), and peanut (3). 

Cell wall thickenings occurred within the older bacteroidal areas as the 
contents of the host cells disappeared. In consequence, the nodule retained 
rigidity. Although there was some internal breakdown, hollow-centered 
nodules comparable to those found in peanut (3) and Sesbania grandiflora (18) 
were not found on any of the plants grown in the greenhouse. The persistence 
of hollow intact nodule shells on Sesbania grandiflora was attributed to 
lignified sclerenchyma layers within the peripheral nodule cortex only (18). 

The coexistence of juvenile and senescent tissues in proximity to each other 
for long periods within the same nodule was of particular interest, since growth 
equilibrium, development, and function of the nodules did not appear 
unbalanced. Frazer (15) postulated that in old nodules with apical meristems 
where suberization of the bundle endodermis was well advanced, the interchange 
of materials between the inner tissue of the nodule and the host plant was 
limited to the open ends of the vascular bundles. In solute penetration 
experiments employing vital stains, she observed that the nodule endodermis 
imposed restrictions on the exchange of gases and liquids within the bacteroid 
area. This explanation is compatible with the observations noted here. 
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Inasmuch as endodermal suberization within the caragana nodules pro- 
gressed acropetally at a fairly slow but constant rate and did not extend at 
any time into the apical meristematic region, the actively growing area of the 
nodule was not subjected to any nutritional restrictions. Presumably, the 
decline of the older tissue, induced by this suberization, was offset by the 
following anatomical features which helped to promote nodule longevity: (a) 
the production of secondary xylem and phloem, () prolonged activity of the 
apical meristem, (c) continuous infection of newly-formed cells, (d) rigidity of 
the thickened host cell walls in the bacteroidal area undergoing degeneration, 
and (e) the protection afforded by the continuous cork periderm. 


Nodule Rootlets 


Blunt lateral protuberances distinctly unlike nodule meristem tips were 
first observed midway between the apex and the base of the caragana nodules 
at the four-month harvest (Fig. 1). These protuberances were of firm texture, 
averaged 2—3 mm. in length, and occurred sporadically; a single nodule rarely 
possessed more than one. Histological sections of the nodules depicted in 
Fig. 1 showed that the protuberant tissue consisted of cortical parenchyma 
enclosing a short provascular strand which had differentiated acropetally 
after bifurcation of the nodule bundle, although at this stage its maturation 
into a rootlet had not yet developed. Rootlet extensions from the sites of 
these protuberances were observed at the six- to eight-month harvest. 


Other nodules examined at these later harvests had a crown of several 
rootlets projecting from the apical tips. These rootlets were white, smooth, 
and approximated 20-25 mm. in length. A nodule with seven terminal 
rootlets is shown in Fig. 7. Median cross sections of the basal half of this 
nodule showed seven vascular bundles. The cells in the inner tissue toward 
the base of this nodule were thick walled and were devoid of bacteria. 
Degeneration within this area was well advanced. Median longitudinal 
sections of the apical half showed that although the nodule meristem had 
disappeared, the bacteroidal tissue still appeared active and healthy (Fig. 8). 
The central stele of each rootlet was a direct extension of a vascular bundle of 
the nodule. Cross sections through the apical quadrant of this same nodule 
at the level prior to rootlet projection from the apex showed marked cortical 
proliferation around each bundle. At levels farther out from the nodule tip 
deep cleavages in the common nodule cortex occurred between the bundles 
until finally each bundle became a separate stelar entity. No evidence of 
cortical rupture or digestion during emergence was observed. Root-tip 
differentiation did not occur until each procambial bundle and its surrounding 
cortical tissue had extended beyond the confines of the nodule. 


Explanation is lacking at this time for rootlet outgrowth from the caragana 
noduies. Unlike rootlet initiation from sesbania nodules (18), no evidence 
was obtained that a high auxin content within the nodules induced their 
formation. The neighboring host cells in the area of root emergence were 
neither abnormally enlarged nor radially elongated. Whereas, in sesbania 
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nodules rootlet meristems were initiated within the endodermis of the vascular 
bundles and grew outwardly at right angles to the bundle axis (18), in the 
caragana nodules studied the vascular bundles per se terminated into rootlets 
by continued procambial differentiation after their extension outward from 
the nodules. 


Some comments are appropriate here relative to the occurrence of rootlets 
from perennial nodules of certain nonleguminous plants. These nodules are 
lateral roots whose development is modified by infection (19); unlike 
leguminous nodules they do not contain organized tissue morphologically 
distinctive from the root. Notably, the middle zone of infected cortical 
tissue in the young apical areas of nonleguminous nodules is concentric with 
the central vascular stele. As early as 1907 Bottomley (10) pointed out that 
the infected tissue in nonleguminous nodules is extrafascicular, in contra- 
distinction to the intrafascicular location of the bacteroidal area in leguminous 
nodules. Yearly growth of nodules on Alnus glutinosa (9, 11), A. incana (26), 
Elaeagnus spp. (11, 26), and Hippophde rhamnoides (9) is evidenced by the 
formation of annual rings during successive growth of the secondary xylem of 
the central stele. Brunchorst (11) observed that in nodules of Alnus and 
Elaeagnus spp. an exact correlation existed between the number of annual 
rings and the number of times the nodules branched. 


The emergence of rootlets as direct outgrowths of the central stele supplying 
each lobe of nonleguminous nodules is characteristic of nodules of Myrica 
gale (6), M. cerifera (5), and Casuarina equisetifolia (25). Recently Bond (7) 
noted that the rootlets from nodules of /. gale grown in sand, moss, peat, 
moist air, and water were ageotropic. Because the nodules on this species 
were well protected by a heavy cork layer, he ascribed to these rootlets the 
function of pneumatophores. Obviously, further studies on the occurrence 
of rootlet-bearing nodules on perennial leguminous species as compared with 
those on nonleguminous species are warranted. 
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SELF-COMPATIBILITY OF CARAGANA ARBORESCENS LAM.! 
By W. H. Cram? 


Abstract 


Self-compatibility (% of ‘tripped’ flowers setting pods) for 218 selections of 
Caragana arborescens varied continuously from 0.0 to 99.5%. The frequency 
distribution of the compatibility data in terms of percentage was positively 
skewed by an excess of low self-compatibility plants and had a mean of 36.9%. 
However, angular transformation of the data resulted in a distribution which 
approached normality. Pollen abortion, which ranged from 0 to 24%, had 
little if any influence upon self-compatibility. Selection for high plant vigor 
was accompanied by a minor reduction in compatibility. Self-incompatibility 
id three trees could be explained by the action of several compatibility [|S] 
actors. 


Introduction 


Caragana arborescens Lam., the Siberian pea-tree, has proved to be the most 
valuable tree species for shelter belt purposes in the Canadian prairies. Self- 
compatibility determinations for caragana have been in progress since 1947 
in conjunction with an improvement and breeding program at the Forest 
Nursery Station, Indian Head, Sask. The species has been reported (5) to 
be a naturally cross-pollinated plant of Leguminosae with a self-compatibility 
range of 0 to 100%, and a chromosome number of 2n=16. The possible use 
of self-incompatible clones for the production of hybrid caragana seed was 
suggested in a previous study (5). 

The present paper presents the frequency distribution of self-compatibility 
for 218 selections of C. arborescens, and some factors which may influence this 
distribution. 


Methods and Material 


Plants used in this study were selected mature trees of C. arborescens. 
These were produced from open-pollinated seed and were growing in field 
shelter belts at the station. Trees were selected on the basis of vigor, habit 
of growth, time of foliation and bloom, seed set, etc. 

Self-compatibility was determined in the field in the manner previously 
reported (5) and was recorded in terms of the percentage of ‘‘tripped”’ flowers 
which set pods. Pod set and seed set per flower tripped were both found (5) 
to be reliable measures of self-compatibility for C. arborescens, and associated 
with a correlation value of .74. However, pod set was utilized in the present 
study to avoid the unknown variability for ovules per pod from tree to tree. 
The data for this paper represent the maximum values obtained for at least 
duplicate samples in two or more years. The highest pod set was considered 
the most accurate measure of self-compatibility of an individual plant, 
while lower sets were probably due to insufficient tripping or unfavorable 
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environmental conditions such as winds or aphids. However, care was taken 
to exclude inconsistent results where reasonably close agreement between 
duplicate samples was lacking for no apparent reason. 

Four factors, which were considered to have a bearing upon self-compati- 
bility of C. arborescens, were investigated. These were:—(1) the influence 
of selection for plant vigor upon the frequency distribution of self-compati- 
bility; (2) the variability in the self-compatibility values as determined by 
different operators; (3) viability of the pollen and its relationship to self- 
compatibility; (4) cross-compatibility of self-compatible and self-incompatible 
selections. 


Results 
Self-com patibility 

Frequency distributions for self-compatibility of 218 selections of Caragana 
arborescens, both for percentage pod set and for the transformed data, are 
presented in Fig. 1. 

Self-compatibility in terms of percentage pod set ranged from 0.0 to 99.5% 
with a mean of 36.9%. Two-thirds of the population fell into the 0 to 50% 
range of self-compatibility with five plants being self-incompatible. Tested 
for normality the percentage distribution in Fig. 1 proved to be positively 
skewed towards low self-compatibility. As the percentage values extended 
beyond the 25 to 75 range, transformation was practiced to verify the 
normality of the frequency distribution. When the percentage data were 
transformed to angles (are siny/%) the distribution in Fig. 1 approached 
normality. The mean for the transformed data was 36.1 and the self- 
compatibility values ranged from 0 to 86. 

However an excess of low self-compatible plants and the continuous 
variation obtained suggested that self-compatibility of C. arborescens may be 
influenced by several factors. 

The possibility that selection for superior plant vigor may have introduced 
a change in the self-compatibility distribution was explored. Of the plants 
studied, 118 had been selected on the basis of their superior vigor. The 
remaining 100 plants had been selected for general characteristics other than 
vigor. The respective frequency distributions for the self-compatibility of 
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these two classes of selections are presented in Fig. 2. The range in self- 
compatibility for the general selections in terms of percentage pod set was 
0 to 99%, while that for vigorous selections was 0 to 87%. The respective 
means for these distributions were 40.3 and 33.0%, or 38.5 and 33.4 for the 
transformed data. In other words, selection for vigor was accompanied by 
a general, although minor, reduction in self-compatibility. However, the 
frequency distributions for self-compatibility of both classes of selections 
approached normality (Fig. 2), although the distribution for general selections 
followed a normal curve more closely than that for the vigorous selections. 
Thus, despite minor differences the two distributions were remarkably similar, 
and a x? value of 12.13 (P=0.10) indicates that both were evidently part 
of the same general population. 

Self-compatibility results, as obtained by three operators for three seedtree 
selections, were analyzed for variability. The three operators differed as to 
their experience; operators A and B having six and four years, respectively, 
while operator C was a novice. The average self-compatibility values, as 
determined by operators A, B, and C, were: 55, 49, and 36% pod set, 
respectively, for the first tree; and 45, 45, and 43% pod set for the second 
tree. It was evident that the inexperienced operator C obtained for his 
first tree a markedly lower pod set following tripping than the other two 
operators. However, all operators secured almost identical results for the 
second tree. The reliability of self-compatibility determination by all three 
operators seems established, and it may be assumed that little if any variation 
in the self-compatibility data was attributable to operators. 

The above evidence suggests a reasonable estimate of the self-compatibility 
distribution for a selected population of C. arborescens (Fig. 1) was obtained. 
Thus, the skewness of the frequency distribution was apparently due to factors 
other than operators. 


Pollen Abortion 


An attempt was made in 1953 to determine the extent to which pollen 
viability influenced self-compatibility of C. a@rborescens. Samples of field 
pollen were collected from 40 selections, the self-compatibility of which ranged 
from 0 to 87%. Potential viability was determined by staining the pollen 
from three flowers with aceto-carmine as suggested by East (7) and described 
by Childers (4). The degree of pollen abortion was estimated from the 
percentage of unstained pollen in two traverses of the three stained slides. 

Pollen abortion for the 40 selections was found to vary from 0.1 to 24.0%. 
It was noted that 90% of the plants produced less than 9% abortive pollen. 
Ten per cent produced from 18 to 24% aborted grains. Four self-incom- 
patible plants produced less than 6% non-functional pollen, while two other 
self-incompatible plants produced a maximum of 25% non-functional pollen. 
In other words, the viable pollen produced by six self-incompatible plants 
seems to have ranged from 75 to 94%. In no case was the amount of 
abortive pollen adequate to induce complete self-incompatibility. Thus, it 
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would appear that the percentage of aborted pollen was inadequate to reduce 
materially the self-compatibility of the population. 

The relationship between pollen viability and pod set following self- 
pollination of alfalfa has been reported by several workers. Bolton and 
Fryer reported (2) that the germination of pollen ranged from 9 to 58% for 
[self-] sterile alfalfa plants and from 60 to 84% for [self-] fertile plants. The 
percentage of abortive pollen, from 139 alfalfa plants was reported by Brink 
and Cooper (3) to vary from 2.5 to 100%, but the relationship to self-com- 
patibility of the plants was low. Armstrong found (1) the percentage of 
good pollen for alfalfa plants exhibiting a self-fertility of 0 to 18% ranged 
from 0 to 93%. Childers attributed (4) partial and complete male sterility 
in alfalfa to genetical factors. While pollen abortion may be a factor con- 
tributing to the self-compatibility of alfalfa (1, 3), it appears to be of minor 
importance as far as self-compatibility in C. arborescens is concerned. 


Cross-compatibility 

The cross-compatibility of one self-compatible and three self-incompatible 
selections of C. arborescens was determined in 1953. Reciprocal crosses were 
made in duplicate for all combinations between the four plants in the field. 
Each plant was also self-pollinated. _Emasculation was practised in the late 
bud stage for the self-compatible plant, N-19, but was not deemed necessary 
for the self-incompatible plants, V-2, V-16, and A-1. Cross-pollination was 
effected by applying the pollen of a ‘fresh’ flower to the exposed stigma of 
freshly opened flowers on the seed parent. Compatibility was evaluated in 
terms of the percentage of cross-pollinated flowers which produced mature 
pods. The percentage of abortive pollen produced by each selection was 
also determined. The results are listed in Table I. 

The four selections fall into three groups on the basis of their compatibility 
reactions. The oppositional factor theory by East and Mangelsdorf (8) 
postulates that compatibilities are genetically determined by a series of 
multiple allelomorphs [.S; S2, etc.]. East later reported (6) a fertility factor, 


TABLE I 


SELF- AND CROSS-COMPATIBILITY (%) AND POLLEN ABORTION (%) 
OF FOUR SELECTIONS OF Caragana arborescens 


Compatibility with pollen of: 


Proposed 
Selection A-1 V-16 V-2 N-19 genotype 
9 (%) (%) (%) (%) 
A-1 0 0 11 Si Si 
V-16 0 0 25 34 Si Sy 
V-2 0 0 3 27 Si S2 
N-19 0 0 25 42 Si Sy 


Pollen abortion 23.6 1.8 2.5 
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S;, which was a member of the same allelomorphic series. The reactions 
are such that when a pistil and pollen possess a common S factor, there is 
incompatibility; when there is no common S factor, there is compatibility. 
The compatibility results of this study may be explained by designating the 
four parental plants by the genotypes listed in the last column of Table I. 
In this way the self- and cross-incompatibility of selections A-1 and V-16 
would be due to a common incompatibility factor, S:. Selection V-2 would 
be self-incompatible for the same reason, but when used as the male parent, 
it was cross-compatible with the three other selections owing to the production 
of S2 pollen. Self- and cross-compatibility of selection N-19 was evidently 
due to the production of S; pollen. 


Discussion 


Caragana arborescens would appear to occupy a position between alfalfa 
and sweet clover, two naturally cross-pollinated legume crops, with respect 
to self-compatibility. Self-fertility of 573 alfalfa plants has been reported 
by Tysdal and Kiesselbach (13) to range from 0 to over 95% with a mean 
of 45.6%. The frequency distribution for the 573 alfalfa plants was found 
to follow a normal curve closely. Self-compatibility of sweet clover was 
reported by Sandal and Johnson (12) to range from 0 to 69% with a mean 
of 19.3%. The frequency distribution was found (12) to be skewed towards 
low self-compatibility with 59% of the plants having a self-compatibility 
below the population mean. Thus, C. arborescens with a compatibility range 
of 0 to 99% is similar to alfalfa and in addition exhibited a negatively skewed 
distribution like sweet clover (see Fig. 1). 

Compatibility relationships in several legume crops have been explained 
on the genetical basis of the oppositional factor theory (8). Williams and 
Silow reported (14) this to be the case for red clover, and Gettys and Johnson 
reported (10) on the compatibility for sweet clover. The results obtained for 
the self- and cross-compatibilities of C. arborescens (see Table I) were explained 
on the same genetical basis. Thus, despite the limited data available, it is 
suggested that the oppositional factor type of compatibility operates in 
C. arborescens. 

It would appear that several factors have contributed to the abnormality 
of the compatibility distribution for C. arborescens (Fig. 1.). Abortive 
pollen to the extent of 24% would have little to no tendency to increase the 
proportion of the population manifesting low self-compatibility. Selection of 
vigorous plants, which exhibited a lower average self-compatibility than 
general selections (Fig. 2), may have caused a negative, although minor shift 
in the frequency distribution. Another factor, which influenced the frequency 
distribution, would appear to be the action of several compatibility (5S) 
factors (Table 1). It was evident that the presence of some self-incompatible 
plants, which demonstrated low to high pollen abortion and cross-compati- 
bility, was due to the operation of the oppositional factor theory in 
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C. arborescens. However, further studies are required to identify the degree 
to which these factors modify self-compatibility of the population. In addi- 
tion the influence of environmental conditions on self-compatibility of 
C. arborescens remains to be determined. 

In the absence of accession records to the contrary it would appear that all 
C. arborescens at the Station are descendants of the same small seed collection. 
The original seed was apparently obtained from Russia by Dr. W. Saunders 
in 1887 (9). Two of the original seedlings were evidently planted on the 
Experimental Farm at Indian Head in 1888 (11). It seems probable that the 
present population of C. arborescens on the Forest Nursery Station, Indian 
Head, is derived from these original plants. If so, natural sibbing within 
the limited population may have induced a decrease in self-compatibility 
with increasing homozygosity, similar to that reported for inbred alfalfa (13) 
and for inbred sweet clover (12). The results of the present study may not 
apply to Caragana arborescens in general, if the above hypothesis for the origin 
of the population under investigation is true. However, this possibility 
suggests the need for new accessions of C. arborescens to ensure genetic 
diversity of the growth factors in the breeding material. It is worthy of 
note that East (7) found no cases of self-incompatibility in four species of 
Caragana at the Arnold Arboretum. Regrettably, the size of the population 
and the species investigated were not stated. 

Several points of the present study have a direct bearing upon a breeding 
program with the object of increasing plant vigor. As all selections have 
been plants produced by open-pollinated seed, there was no way of knowing 
whether such plants were the result of natural self- or cross-fertilization. 
Thus, the vigor of vigorous selections may have resulted from either heter- 
ozygosity of favorable growth factors in the case of cross-fertilization, or 
homozygosity in the case of self-fertilization. The former type of selection 
would be expected to exhibit a higher degree of self-compatibility on the 
average than the latter type of selection. Thus, because of their homozy- 
gosity, vigorous selections which exhibit self-incompatibility or a low degree 
of self-compatibility would appear to represent superior breeding material as 
a means of increasing vigor of this species. However, the presence of 
oppositional-compatibility factors would complicate the breeding program, 
and make determinations for cross-compatibility, combining ability, as well 
as pollen viability, necessary. 
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SPRINGBOARD PLANT DISPERSAL MECHANISMS 
OPERATED BY RAIN! 


By HarcLp J. 


Abstract 


The calyx tube and pedicel of Salvia lyrata serve as a springboard mechanism 
from which the nutlets are thrown out violently when raindrops land on the 
distal part of the upper lip of the calyx. The force of the striking raindrop 
depresses the springy pedicel and, when this returns to its normal position, the 
nutlets are thrown from the calyx tube as a swimmer is projected from a diving 
board. ‘The nutlets become surrounded by a coat of extruded mucilage as soon 
as they are wetted. Ocimum basilicum and other members of the Labiatae have 
similar springboard dispersal mechanisms which are operated by raindrops. The 
plantlets or gemmae of the succulent plant Kalanchoé tubiflora develop on narrow 
outgrowths from the parent leaf. These attachments serve as springboards 
from which the plantlets are violently discharged by raindrops. The plantlets 
are cup-shaped and are very effective in catching raindrops. The splashing 
action of raindrops may sometimes be an important agency effecting the pollina- 
tion of certain cup-shaped flowers such as those of Ranunculus. About eighteen 
rain-operated dispersal mechanisms are now recognized. These are distributed 
among four of the major groups of the plant kingdom and it is probable that 
some examples will be found in all phyla of land plants. 


Introduction 


Many small cup-shaped structures produced by fungi, liverworts, mosses, 
and some flowering plants are now recognized as splash mechanisms from 
which spores, seeds, and other reproductive units are dispersed effectively by 
the force of falling raindrops (Buller (5, 6), Brodie (1) ). 

Most of the splash-cup mechanisms which have been described and 
investigated up to the present time operate in such a way that propagative 
units are thrown from the cup in which they were developed; that is, the 
cup is the producer as well as the dispenser of the propagative units. The 
splash-cups of Cyathus, Marchantia, and Polytrichum are common examples. 
In a number of plants, however, the cup serves only to catch the raindrop, the 
propagative units being ejected not from the cup but from some part of the 
dispersal mechanism set in motion as a result of the blow received by the cup. 

In the following pages, an account is given of the action of raindrops which 
operate what may be called the ‘‘springboard”’ type of apparatus exemplified 
by the fruits of Salvia lyrata L. and Ocimum basilicum L., and by the gemmae 
or plantlets of Kalanchoé tubiflora (Harv.) Hamet. These structures have been 
described and illustrated repeatedly in botanical literature and, at least for 
Salvia, the expulsion of nutlets from the calyx tubes is well known. Most of 
the older accounts, however, leave the impression that almost any kind of 
blow discharges the mechanism. That such springboard structures are 
operated chiefly, if not exclusively, by falling raindrops has apparently not 
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been realized. (The suggestion that the dispersal mechanism of Salvia lyrata 
might be operated by rain was made by my colleague Dr. C. W. Hagen, Jr., 
to whom grateful acknowledgment is recorded.) 

Still another function of raindrops as agents of dissemination which has not 
been fully appraised is their role in effecting pollen transfer in small flowers, 
those, for example, of certain species of Ranunculus. Hagerup (12) showed 
conclusively that rain pollination is the rule rather than the exception for 
certain species. Because Hagerup’s work and the implications arising from 
it have not been given sufficient attention by botanists, a discussion of the 
action of rain in the splash dispersal of pollen is included in the present paper. 


Review of Recent Literature 


The germ of the concept that rain serves to disperse spores, gemmae, seeds, 
and other reproductive parts of plants may be identified in many of the oldest 
botanical classics, and it is useless to attempt to establish any one statement 
as deserving exclusive priority. These early references remained suggestions, 
however, and were almost never descriptions of actual experiments or observa- 
tions. <A large proportion of botanical textbooks published before 1940 gave 
no exact or detailed description of the ejection of the peridioles from the 
fruit-body of Cyathus, the effective splash ejection of gemmae from the 
gemma-cup of .Varchantia, or the splashing of sperms from the male rosette 
of Polytrichum. This neglect indicates that the importance of rain-operated 
mechanisms had not been fully realized until recently. 

In a brief abstract published shortly before his death, Professor Buller (6) 
reported the results of careful observations and experiments which proved 
that falling raindrops propel the peridioles from the cups of Cyathus, the 
gemmae from the cups of Marchantia, and sperms from the disk-shaped 
antheridiophore of .VJarchantia. 

Martin (14) had previously mentioned that peridioles can be splashed out 
of the cups of the bird’s-nest fungus Crucibulum vulgare Tul.; Dodge (8) had 
given an account of the unraveling of the funicular cord of Cyathus striatus 
Willd. ex Pers.; and Diehl (7) had suggested the possibility of the dissemina- 
tion of peridioles of C. pallidus Berk. & Curt. by rain. It remained for Buller, 
however, to understand the splash-dispersal mechanism in its entirety and to 
give the first clear and detailed account of it. 

Professor Buller did not live to complete his investigations of rain-splash 
dissemination, and it was my privilege to repeat and extend his experiments 
and to report the research (1) in an article entitled ‘“The Splash-cup Dispersal 
Mechanism in Plants.’ The most complex of the splash mechanisms described 
in the latter paper is the fruit-body of the bird’s-nest fungus Cyathus striatus. 
The vase-shaped fruit-body is a ‘“splash-cup”’ from which the peridioles con- 
taining basidiospores are thrown a distance of one to two meters by the force 
of raindrops which strike the open mouths of the cups. As a peridiole is 
thrown out of its cup, the funiculus is torn, and so allows the expansion of a 
special mass of adhesive hyphae which clings to any object in the line of 
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flight. As the peridiole flies on, its momentum causes the funicular cord to 
be pulled out of its sheath. When the funicular cord has been extended to 
its full length, the peridiole comes to a stop with a jerk which swings the 
peridiole around the point of attachment. In this way, the cord is wound 
tightly around stems or becomes entangled among plant hairs. The peridiole 
remains attached to vegetation which may be eaten by herbivorous animals; 
and, as a result, the spores may be disseminated in the animal feces. Peridioles 
not disseminated in this way may reach the ground when plants die and decay 
in the usual way. 

In those members of the Nidulariaceae which have no funicular cord, such 
as Nidularia and Nidula, peridioles are covered with a powerfully adhesive 
substance which causes them to stick to vegetation after they have been 
splashed from their cups. 

Other plant cups from which reproductive bodies are dispersed by raindrops 
are (1): the gemma cupules of Marchantia polymorpha L. and of Lunularia 
cruciata (L.) Dunn, from which the gemmae may be thrown one meter by 
rain; the antheridial disk of Marchantia polymorpha from which live sperms 
may be thrown to a distance of 60 cm.; the male rosette of the moss Poly- 
trichum from which live sperms may be splashed; the moss Tetraphis (Georgia) 
in which gemmae are splashed from a cup-like rosette of leaves. 

A beautiful and unique splash-cup is that of the fungus Aleurodiscus 
minnsiae Jackson. From a tiny cup which grows only on the upper side of 
twigs of Tsuga, raindrops eject a single spherical sclerotial ball which serves 
to reproduce the fungus. 

The soredia of the lichen Cladonia are developed in funnel-shaped podetia 
from which they are splashed out by rain (1). When the podetia are dry, 
soredia may be sucked out of them by wind, through the action of vortices 
set up within the podetia (4). 

Among flowering plants, the only splash mechanisms recognized as such in 
my paper of 1951 (1) were the hygroscopic capsules of Oenothera (Hartmannia) 
rosea Aiton, which open only when wetted and from which seeds may be 
thrown at least a meter by raindrops, and the fruits of Sagina decumbens (EIl.) 
T. and G. According to Gibbs (9), the cupulate fruits of the latter plant are 
hygroscopic and its seeds are effectively dispersed by rain. 

Several popular articles based on the material mentioned above have been 
written, the most extensive of which are one by myself (3) and one in 
Norwegian by Hafsten (11). In these papers the importance of rain as an 
agent of dissemination has been publicized not only to professional botanists 
but also to persons interested in general natural history. 

After attention had been drawn to the significance of cup-like structures in 
plants as possible splash dispersal mechanisms, a number of additional 
examples from several diverse groups of plants were described. In 1951, I 
pointed out (2) that the curious cups produced by the North American poly- 
pore Polyporus conchifer (Schw.) Sacc. are splash-cups. In this small bracket 
fungus, a cup is developed on the upper side of the pileus at the base. This 
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structure had been recognized formerly as unique among the Polyporaceae; 
but it had been considered sterile and functionless because the fungus also 
produces basidiospores on the under side of the bracket in the manner common 
to all shelving Polyporaceae. In fact, however, hyphal fragments (oidia) are 
developed on the inner surfaces of the cups in gelatinous masses. Raindrops 
landing in the cups cause the jelly to swell, filling the cup with oidia which 
are then splashed out to a distance of more than a meter. 

The observations and experiments reported by Savile (15) have added 
Chrysosplenium and Mitella among the Saxifragaceae to the list of flowering 
plants known to have their seeds disseminated by the splash action of rain- 
drops. Savile found that seeds of Chrysosplenium americanum Schwein. are 
splashed from the erect open capsules to a distance of 40 cm. by water drops 
falling one meter. 

Mitella diphylla L. also possesses an efficient splash-cup mechanism accord- 
ing to Savile. The capsule of this plant is oriented vertically at maturity and 
has the form of a deep cup. By allowing water drops to fall into the capsules 
from a height of about a meter, Savile succeeded in splashing seeds to distances 
of as much asa meter. Other species of Mitella have capsules the nature and 
orientation of which suggests that they may also be splash-cups. 

The dispersal of fungus spores through the agency of raindrops by means 
of a mechanism entirely different from that of splash-cups has been described 
by Gregory (10). The discharge of spores from such puffballs as Lycoperdon 
perlatum Pers., L. pyriforme (Schaef.) Pers., and Geaster umbilicatus Fr. may 
be brought about by the impact of water drops with the papery top of the 
endoperidium. Depression of the endoperidium causes air and spores to be 
ejected through the ostiole of the fungus. Gregory believes that, although 
spores can be discharged from puffballs by blows received from animals, such 
occurrences are doubtless not very numerous. Also, he observed that wind 
of ordinary speeds is not very effective in removing spores from the open 
puffball ostiole, and he concluded that raindrop impact must be one of the 
most important agencies in liberating spores from puffballs. 


Raindrops and the Operation of Catapult or Springboard Fruits 


I. Salvia lyrata 

It is a well-known fact that the fruits of some plants belonging to the 
Labiatae are shot out with great force from the bell-shaped or tubular 
persistent calyx within which they are developed. The mechanism responsible 
for the ejection of the nutlets has been referred to as a ‘‘catapult”” by Kerner 
(13) and others who have described its modifications and mode of operation 
in such genera as Teucrium, Monarda, and Salvia. 

From time to time, I have observed this catapult discharge of the nutlets 
of the American plant Salvia lyrata and have concluded that the force that 
sets the mechanism in motion is not the chance shaking by wind or the still 
less frequent brushing by animals but is most probably the battering action 
of raindrops. 
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Although the following account of the structure of the calyx tube and fruits 
of Salvia lyrata adds little if anything to the classical descriptions, it may be 
of value to re-examine their morphological features in the light of the 
suggestion that the catapult mechanism is operated by the force of raindrops. 
The four ellipsoidal nutlets of S. lyrata are matured within the persistent 
calyx which forms a four-lobed tube (Fig. 1, a). The calyx tube is attached 
to the stem of the plant by a slender pedicel which is remarkably resilient and 
which acts as a spring when the calyx tube as a whole is depressed. 

The nutlets lie at the base of the tube and are closely pressed against one 
another and flattened on their contiguous faces (Fig. 1,5,c). Until they are 
mature, they cannot be dislodged from the calyx tube except by pulling them 
out with forceps. 

The two lobes which comprise the lower lip of the calyx tube curve strongly 
upwards and end in tooth-like projections (Fig. 1, d,f). These lobes are 


Fic. 1. Salvia iyrata, except k which is Ocimum basilicum; a, stem and calyx tube, 
x 2.5; 6, opened calyx tube showing upper lobe and four nutlets inside, lower lobe 
removed, X 4; c, nutlets, X 5.5; d, calyx tube turned upwards to show lower lobes X 4; 
e, nutlet showing development of mucilage tendrils when wetted, X 4; f, lower lobe of 
calyx tube showing forward-pointing hairs, X 8; g, upper lobe of calyx tube, X 7; 
h, j, expulsion of nutlet by depression and release of calyx tube, X 2.5; k, calyx tube of 
Ocimum basilicum showing saucer-like form of upper lobe, X 4. 
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provided with strongly developed veins which form ribs running the length 
of the lobes (Fig. 1,f). On the upper or inner surface, the lower calyx lobes 
are beset with resilient forward-pointing hairs (Fig. 1, f). 

Quite different is the appearance of the truncate, three-toothed upper lip 
of the calyx. On the outside, as seen from above, the upper lip consists of 
one continuous spatulate piece. This is curved upwards at its base (Fig. 
1, a, g) to form a mound; but, in its distal portion, it is depressed to form a 
conspicuous hollow or cup having a smooth surface (Fig. 1, a, g). The under 
side of this structure is smooth and is traversed by a network of small veins 
(Fig. 1, 5). 

If one uses the finger to depress a calyx tube containing ripe nutlets (Fig. 
1, h), the elastic pedicel is bent downwards. When the pressure is released, 
the pedicel springs back into its normal position. The motion thus given to 
the calyx tube dislodges the nutlets and shoots them away with considerable 
force (Fig. 1,7). As has been noted by Kerner (13), the groove formed by 
the two lobes of the lower calyx lip ensures the nutlets’ being thrown straight 
out from the tube. The forward-pointing bristles would seem to ensure that 
only forward motion of the nutlets is possible. 

Although it is easy to understand how the nutlets are ejected from the 
calyx tubes, the question remains as to what occurrence in nature would be 
most likely to depress the whole apparatus sufficiently to cause effective 
dispersal. By the most violent shaking of a stem of ripe fruits, a few nutlets 
can be dislodged, but such violent motion would seldom be caused by a natural 
agency. Animals might, more commonly, brush against the plant stalks 
which are usually about 12-16 cm. high and often grow in thick stands. An 
animal moving among the plants, however, would bend the calyx tubes 
upwards as friction dragged the whole stem in the direction of the animal’s 
motion. I have repeatedly tried the effect of pulling a plant stalk from the 
bottom toward the top through my partly closed hand so that the calyx tube 
brushed against my fingers and have observed that very few nutlets were 
discharged. 

It would seem, then, that some force must impinge directly on the calyx 
tubes from above to depress them sharply so that the catapult may operate. 
It will be demonstrated that heavy raindrops can and do supply the necessary 
force. 

In June, 1954, I collected a number of stalks bearing mature fruits. A 
single stalk was held in an upright position by a clamp placed on the laboratory 
floor. Drops of water from a pipette were allowed to fall from a height of 
2.5 meters to strike the upper sides of the calyx tubes. Although not all 
water drops ejected nutlets, most of them did, and it was quite apparent that 
a heavy shower of rain would discharge most of the mature nutlets. During 
the course of several experiments, I observed that the nutlets can be thrown 
out from their containers to distances varying from 0.5 meters to 2 meters. 

Rain dispersal of the nutlets of Salvia lyrata and other species having similar 
structure probably occurs more commonly in nature than does dispersal 
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through the agency of any other force. The whole calyx tube apparatus is 
composed of a semicartilaginous material which does not lose its resiliency 
upon being wetted. The distal portion of the upper lip forms, as noted, a 
deep, smooth depression or cup which is very effective in receiving a large 
raindrop. I have tried allowing drops to fall on to the back or proximal 
portion of the calyx tube and have observed that the drop usually bounces off 
without discharging the apparatus. Furthermore, the calyx tubes are 
attached to the stem in whorls. At any one level of the plant stem, therefore, 
there is a ring of cups ready to receive the blows of raindrops. 

One other fact that may be construed as being of special significance is that 
the nutlets exude a mass of gelatinous and highly adhesive material when they 
are wetted. When dry nutlets are placed in water, delicate hypha-like 
tendrils of mucilage are extruded. These tendrils have the form of irregular 
spirals which elongate rapidly as they absorb water (Fig. 1, e). When I allowed 
wetted fruits with their gelatinous envelopes fully expanded to dry on paper 
and on leaves, I observed that the nutlets became so firmly attached to the 
substratum that they could not be dislodged by shaking. When such nutlets 
were wetted a second time, the gelatinous material again absorbed water but 
they still adhered quite firmly to their substratum. 

In nature, then, the nutlets of Salvia lyrata are dispersed to a distance of 
several feet from the parent plant by heavy drops of rain which land in the 
hollow on the upper side of the calyx tube and depress the pedicel much as a 
springboard is depressed by the diver who jumps upon it. The upward thrust 
as the pedicel returns to its normal position throws the nutlets from the tube. 
The action of this mechanism seems more closely analogous to that of a 
springboard than to that of a catapult, and for that reason I refer to it as a 
“springboard mechanism”’. 

How soon an ejected dry nutlet would become sufficiently wetted by rain 
to allow expansion of the mucilage is a matter of conjecture. The nutlet 
might adhere to a wet leaf if not washed off before the mucilage had expanded. 
If it fell to the ground it would certainly adhere to any object it touched. 
Over and above these possibilities, of course, is the further one that the 
mucilaginous envelope may be of importance in retaining the moisture 
necessary for germination. 


II. Ocimum basilicum 


The common aromatic herb sweet basil (Ocimum basilicum) is another plant 
belonging to the Labiatae which, as I have observed, exhibits dispersal of 
nutlets by rain. The structure of the calyx tube of this species is sufficiently 
like the foregoing to make detailed description unnecessary. The calyx tube 
is illustrated in Fig. 1, k, from which it will be seen that the chief respect in 
which this structure differs from that of Salvia lyrata is the shape of the cup 
formed by the upper lip of the calyx. In Ocimum, this upper portion is 
roughly circular and saucer-like. The nutlets exude a great quantity of 
mucilaginous spiral tendrils when wetted, more numerous than those produced 
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by the nutlets of Salvia. I have repeatedly experimented with Ocimum plants 
growing in my own garden and have observed that heavy raindrops are very 
effective in dispersing nutlets from the calyx tubes as a result of springboard 
action. 


III. Prunella, Hyptis, and Other Labiatae 


Although the calyx tube of Prunella vulgaris L. is often closed, or partially 
so, when ripe and dry, it opens fairly rapidly on being wetted. The moist 
calyx tube is then essentially like those of the species described above and may 
well be a rain-operated springboard. I have not experimented with this plant 
beyond observing that the nutlets are mucilaginous when wetted. 

Hyptis suaveolens (L.) Poit., a plant widely distributed in tropical America, 
should be examined for the possibility of dissemination of its seeds by rain. 
The nutlets of this plant exude a greater quantity of mucilage when soaked 
in water than do any other fruits of this type which I have examined. 

Finally, it may be suggested that, when other members of the Labiatae are 
scrutinized, additional examples may be discovered of rain-operated seed 
dispersal mechanisms. 


IV. Kalanchoé tubiflora 


The succulent plants belonging to the genus Kalanchoé (Bryophyllum) 
reproduce vegetatively by means of plantlets which develop along the margins 
of the leaves. When a plantlet becomes detached from the leaf on which it 
forms, it falls to the ground and soon grows into a new plant. 

Plantlets can be dislodged by striking them lightly from above or brushing 
them rather roughly with the hand. Thus they must be spread in nature by 
animals which occasionally brush against the plants. Under such circum- 
stances, it is probable that plantlets would not be spread more than a few 
inches from the parent plant. 

I have observed that when drops of water fall into the little cup formed by 
the four leaves of the plantlet, the latter may be shot away from its attachment 
to distances up to 1.5 meters. This was first noticed by chance in a green- 
house where, after a heavy shower, water dripped through a broken pane 
directly on to several plants of Kalanchoé tubiflora. Each drop which struck 
a mature plantlet dislodged it and hurled it to a considerable distance upwards 
and away from its attachment. 

Closer examination of the process by which raindrops disseminate the 
plantlets revealed that a springboard type of mechanism is involved. Each 
plantlet, when mature, is composed of four leaves (Fig. 2, a) which together 
form a cup 5-7 mm. in diameter. Of the two outer leaves, one is always much 
larger than the other and doubtless serves as the chief receptacle for the 
raindrops. The large leaf is almost invariably the one farthest from the leaf 
of the parent plant. 

In K. tubiflora, six or eight plantlets develop on the distal end only of the 
long, flat, narrow leaf (Fig. 2, b). Each plantlet is attached on its lower side 
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Fic. 2. Kalanchoé tubiflora plantlets and attachment; a, plant showing one large leaf 
which catches raindrop, X 4; }, leaf with plantlets attached at tip, XK 1; c, plantlets 
attached to outgrowth from leaf (the outgrowth serves as a springboard from which 
plantlets are thrown when struck by a water drop), X 2.5; d, attachment piece showing 
depression at apex, X 15; e, plantlet seen from below, X 6; f, ‘attachment piece seen from 
side, X 15; g, leaf after dispersal of plantlets, X 1. 


to a strap-like projection from the leaf (Fig. 2, c). It is clear that this projec- 
tion serves as a springboard for, if it is depressed with the finger, it snaps back 
into normal position when released. 

The leaf which bears plantlets is inclined at about 45° upwards from the 
main stem, and the plantlets are oriented so that the mouths of the cups 
formed by their leaves face vertically upwards. Older leaves from which 
plantlets have been discharged tend to bend downwards from the main stem. 

The strap-like piece by which each plantlet is attached to the leaf varies 
from 0.5 to 1.0 cm. in length and tapers toward the end where there is a 
shallow depression on the upper side (Fig. 2, d, f). Into this a small pad of 
tissue on the lower side of the plantlet (Fig. 2, e) seems to fit. 

Heavy drops of rain are caught by the cup-shaped plantlets. The force of 
the downward blow depresses the springboard attachment, and as the spring- 
board returns to its normal position, it throws the plantlet away with force 
sufficient to carry the projectile in an arc to a distance of as much as 1.5 meters. 

Although some plantlets are probably dislodged by chance shocks of various 
kinds, there seems little doubt that, in nature, one very effective agency by 
which they are spread from the parent plant is the force of raindrops which 
operate the springboard device. 

I have also observed that plantlets of other species of Kalanchoé can be 
scattered from the leaves by raindrops, but the discharge is much less effective 
in these plants where no springboard mechanism has been developed. 


Rain-splash Pollination 


In a paper published in 1950, Professor Hagerup (12) showed that rain may 
be an important agency in the pollination of the flowers of certain species of 
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Ranunculus, Caltha, and Narthecium. He observed that, in the Faroe Islands 
where some rain falls on most days of the year, many kinds of flowers are 
quite undamaged by the rain and form fruits abundantly. The additional 
observation that large insects, which are usually important agents of pollina- 
tion, are scarce in the region led Hagerup to investigate the possibility of 
rain pollination. 

Although rain is known to have an injurious effect upon the pollen of many 
plants, it does not damage the pollen of Ranunculus bulbosus L. and some other 
species examined by Hagerup. He showed that pollen which had been 
exposed to a heavy rain lasting for three hours germinated well in tap water 
without the addition of sugar or other nutrient. 

The small cup-shaped flowers of various species of Ranunculus (R. bulbosus, 
R. repens L., R. flammula L.) do not fill with water during rainfall and the 
pollen is not washed away by overflow. At any particular moment, a flower 
usually has but a small quantity of water in it. Surplus water drains off 
slowly through narrow outlets at the bottom of the flower and runs slowly 
down the stalk. If this runoff water is examined microscopically, it is found 
to contain no pollen or very little in comparison with the water on the inside 
at the base of the flower cup. 

The glossy petals are non-absorbent except at their bases. Only the lower 
part of the flower cup is covered with water, examination of which shows that 
pollen floats on its surface. Pollen is easily washed from the open anthers 
from which it may be transferred to stigmas by the swirling of water when 
raindrops land in the flower cups. Pollination may also result when pollen- 
bearing water is drawn up, by capillary action, between the carpels which are 
close to one another. 

Hagerup described various modifications of the above-mentioned features 
found in different species investigated, but the behavior of water in the flower 
cups is essentially the same for all. 

As might be expected, examples of flowers in which rain pollination would 
be improbable or impossible were found. Ranunculus acer L. affords a good 
contrast with the other species mentioned. The flower of this species does 
not stand stiffly upright during rain but bends downwards. Small insects 
which find shelter in such flowers effect pollination. 

Hagerup carried out a number of experiments to verify his observations 
concerning pollination by rain. He wrote: 

“A number of large flower-buds of R. repens were placed at the same time 
in two different glasses, where they burst without being pollinated by insects. 
One glass with fresh flowers then for an hour was moved out into natural rain, 
after which it was again placed beside the other so that no insects had 
admission to the flowers. In the glass which had been exposed to rain all the 
flowers fructified; but in the glass which had been isolated from insects, 
shakings and rain, it proved that pollination had taken place only exceptionally 


in a few flowers where a little pollen had dropped from the innermost stamens 
on to the stigmas.”’ 


166 CANADIAN JOURNAL OF BOTANY. VOL. 33 
TABLE I 


LisT OF ORGANISMS RECOGNIZED AS HAVING DISPERSAL MECHANISMS OPERATED BY RAIN 


Organism 


Structure involved 


Reproductive 
unit dispersed 


Observer 


Fungi 

Nidulariaceae Fruit body Peridioles Martin (14), Dodge (8), 

Buller (5), Brodie (1) 

Aleurodiscus minnsiae Sclerotium cup Sclerotium Brodie (1) 

Polyporus conchifer Cups on fruit bodies Oidia Brodie (2) 

Lycoperdon spp. Puffball Spores Gregory (10) 
Lichens 

Cladonia spp. Podetia Soredia Brodie (1) 
Liverworts 

Marchantia polymorpha Cupule Gemmae Buller (5), Brodie (1) 

Marchantia polymorpha Antheridial disk Sperms Buller (5), Brodie (1) 
Mosses 

Polytrichum Male rosette Sperms Brodie (1) 

Tetraphis Gemma cup Gemmae Brodie (1) 
Angiosperms 

Sagina decumbens Capsules Seeds Gibbs (9) 

Oenothera rosea Capsules Seeds Brodie (1) 

Chrysosplenium spp. Capsules Seeds Savile (15) 

Mitella spp. Capsules Seeds Savile (15) 

Salvia lyrata Calyx tube Fruits Brodie (1954) 

Ocimum basilicum Calyx tube Fruits Brodie (1954) 

Kalanchoé tubiflora Gemmae Gemmae Brodie (1954) 

Ranunculus spp. Flower Pollen Hagerup (12) 

Caltha spp. Flower Pollen Hagerup (12) 

Narthecium spp. Flower Pollen Hagerup (12) 


Hagerup’s experiments and observations establish that rain may sometimes 
bring about the self-pollination of certain types of flowers. With what 
frequency it does so can, of course, be determined only by further observation 
and experiment. 

Hagerup apparently overlooked one important possibility in considering the 
action of raindrops. Not only may rain carry pollen to stigmas within one 
flower, but raindrops falling into a cup-shaped flower may splash pollen from 
one flower to another. I have not experimented along these lines myself; but 
there does not seem to be any reason to doubt that a small-flowered Ranunculus 
provides a splash-cup which could operate as successfully as do the splash-cups 
of Cyathus. Pollen could thus be thrown to a distance of a meter or more 
and land on the stigmas of other flowers. This splash action would greatly 
increase the amount of cross-pollination. 

I suggested this possibility to Professor Hagerup, who expressed complete 
agreement. In a letter to me (April 3, 1954) he stated: “You are right in 
believing that pollen is transported from one flower to another by rain.’’* 


3 Professor Hagerup published a second article dealing with pollination in wet subarctic 
regions (Dan. Biol. Medd. 18 (15) : 1-48. 1951). Ihave referred mostly to the 1950 paper cited 
above because his experiments on rain pollination are described in detail tn it. 
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General Remarks 


The foregoing pages serve to re-emphasize the importance of rain as an 
agency for the dispersal of different kinds of reproductive units of plants and 
to show that the small cup-shaped structures are variously adapted to the 
function of rain-splash dispersal. 


In Table I are listed the rain-operated dispersal mechanisms which are now 
recognized as such. 


One might expect that structures such as splash-cups and other mechanisms 
operated by rain would have developed in many different types of plants 
because rain-splash dispersal probably has important survival value. Rain- 
operated dispersal mechanisms have now been recognized in such a wide 
variety of plants that I venture to predict that they may ultimately be found 
in all phyla of land plants. Inference from cupulate form is not sufficient; 
each suspected plant cup must be examined critically and its mode of operation 
established by experimentation.‘ 
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* After this manuscript had been submitted for publication, my attention was drawn toa 
paper by D. B. O. Savile (Can. J. Botany, 32 : 400-425. 1954) dealing with certain rust fungi 
found on hosts of the family Saxifragaceae. In this paper ( p. 419) Savile describes the mechanism 
of seed dispersal of Tiarella. It appears to be essentially the same as what is described herein as 
“springboard” action. Although my observations and Savile's were made independently and 
together illustrate the importance and widespread occurrence of rain-operated dispersal mechanisms , 
the first report of a springboard device op2rated by raindrops should be credited to Savile. 


FERTILIZATION AND POSTFERTILIZATION 
DEVELOPMENT IN WHEAT! 


By J. W. Morrison 


Abstract 


With the use of a dissection squash technique an examination was made of the 
fusion process in fertilization in wheat. The male gamete is in the resting stage 
when it comes in contact with the egg cell nucleus. After penetrating into the 
egg cell nucleus it becomes diffuse, stains less densely, and eventually is indis- 
tinguishable from the female nuclear contents. The contents enter prophase 
and the chromosomes resolve on one spindle. The fusion process in the fertiliza- 
tion of the two polar nuclei proceeds in a similar manner but a great deal more 
rapidly. There is also a general discussion of the fusion process in other 
angiosperms and gymnosperms. The embryology of wheat is also described. 
Contrary to some reports the antipodals were not found to play a leading role 
in nursing the endosperm. The postfertilization development of the embryo 
and endosperm is given in Table I. 


Introduction 


In An Introduction to the Embryology of Angiosperms Maheshwari (7) 
pointed out that in spite of repeated efforts and the study of hundreds of 
ovules, our knowledge of the events of fertilization, ‘‘has not advanced very 
far beyond where it stood during the early part of this century.’’ Practically 
all our knowledge of fertilization and postfertilization development has been 
accumulated from exhaustive examination of material embedded in paraffin 
and then sectioned with the microtome. The purpose of this article is to 
focus attention on a dissection squash technique which has not been used to 
its full advantage. With this technique I have made an extensive examination 
of the actual fusion process of fertilization in wheat. 

A recent practical approach to cereal breeding has involved the introduction 
of desired agronomic characters from related genera or species. Many seeds 
from wide crosses fail to develop because of incompatibility between the 
embryo and endosperm tissue. Using the new technique, I have made a 
thorough study of the embryology of wheat. It is hoped that the information 
will prove useful to workers studying the viability and fertility of young seeds. 
No attempt will be made here to review the literature on postfertilization 
developments in the cereals. Some pertinent references are given in the 
discussion. 


Material and Methods 


Most of the observations were made in common wheat, 77iticum aestivum. 
I have also examined material from the cross Hordeum marinum X H. vulgare. 


1 Manuscript received September 22, 1954. 


Contribution No. 184 from the Cereal Crops Division, Central Experimental Farm, 
Canada Department of Agriculture, Ottawa. 
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The technique is essentially the dissection squash technique developed by 
Dr. A. Rutishauser (10) with some changes developed in co-operation with 
Dr. Rutishauser and Mr. L. F. La Cour. I am greatly indebted to Dr. 
Rutishauser for his patient tuition. 

Wheat ovaries were fixed in Carnoy’s fluid (6 :3 : 1) at the time of anther 
dehiscence and at daily intervals afterwards. Some ovaries were stored in 
Carnoy in the refrigerator; others were transferred to 80% alcohol before 
storage. The bulky lodicules and ovary walls do not stain well and the ovules 
were dissected out from the ovary tissue before staining in acetocarmine. 
Some ovaries were hydrolyzed and stained in Feulgen. 

The dissection was done with tungsten wire needles under a dissecting 
microscope. The ovules were kept in 45% acetic acid. In young ovules the 
complete gametophyte usually floated out intact. In older ovules, sometimes 
the tissues had to be teased out of the embryo sac. With practice the 
apparatus can be kept together, although frequently the antipodals break 
apart. After dissecting out the contents from ovules, an interesting 
stereoscopic view of the cell arrangement can be seen. If material at different 
ages is examined in this manner, the development can be traced accurately. 
The necessity of interpretation from serial sections is eliminated and with 
care five to ten different stages can be arranged side by side on one slide. 
When a cover slip is applied it destroys some of the finer tissues such as the 
nucellus or embryo sac and forces some cells or tissues out of their proper 
alignment. In the labelled photomicrographs the structures are somewhat 
flattened by the pressure of the cover slip. 


Experimental Results 


The female gametophyte consists of an egg cell and two associated synergids, 
two polar nuclei, and the antipodals. The large antipodal cells are an unusual 
feature deserving some attention because of the controversy over their function 
in endosperm development of hybrid seed. 


Antipodals 

The antipodals vary in number from eight to twenty. In wheat they 
enlarge only slightly after fertilization. They do not undergo any form of 
division and do not increase in number after syngamy. Individual antipodal 
cells readily break apart and float free during dissection. They do not form 
a compact, organized tissue. Originally they occupy the central and chalazal 
end of the embryo sac but when the endosperm nuclei divide, they soon 
encircle the antipodals (Figs. 8-10). The antipodals lose their shape and 
become very pycnotic three to five days after fertilization. At the same time 
the chromatin of individual nuclei coalesces. When they actually start to 
degenerate is difficult tosay. After five to seven days the enlarged endosperm 
crushes the antipodals into a very small area. All traces of them are usually 
gone in nine days. 

The nucleus occupies a large part of the antipodal cell and has a large 
vacuolated nucleolus. The nuclei vary in size and also appear in phases of 
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activity resembling resting stage and prophase. In this prophase-like condi- 
tion approximately 21 bundles can be distinguished. These bundles emanate 
from distinct centers and are several microns wide. Each bundle is 
composed of a collection of strands or fibers which in some preparations were 
quite clear. 


Fertilization 


The growth of the pollen tube down the style and the discharge of gametes 
into the embryo sac is quite rapid but also variable (cf. Pope (9) ). Fertilization 
was completed in some ovules six hours after dehiscence. 

In the young stages, the egg cells are always easy to pick out because they 
are filled with small shiny bodies which have the appearance of fat globules, 
Immersion oil introduced under the cover slip has a similar appearance. 
These globules were not destroyed by hydrolysis. They are found only in 
the egg cell and adjacent connective tissue. They are not present in the 
synergids or polar nuclei but a few are scattered in the surrounding cytoplasm. 


Fics. 1-5. Camera lucida drawings of the fertilization processes. 420 X. Fic. 1. 
Male gamete in contact with the two polar nuclei. Note nucleoli (N). Fixed on day of 
anthesis. Fic. 2. Early prophase of first division in the endosperm. This is drawn 
from the cell shown in Fig. 8 and is only representative as all the strands are not drawn. 
Fic. 3. Male gamete in contact with the egg cell nucleus. From the same ovule as the 
polar nuclei in Fig. 1. Fic. 4. Early prophase of first division of the embryo. The 
endosperm in this ovule was already at the four-celled stage. Fic. 5. Metaphase of first 
—— of the embryo. The cell was flattened before drawing and hence is somewhat 
enlarged. 
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The gametes in contact with the egg cell nuclei appeared to be naked bodies. 
Presumably there were nuclear membranes but they did not stand out from 
the nuclear body. Both the egg cell nuclei and the male gametes were in a 
quiescent stage of division, i.e., the interphase or resting stage (Fig. 3). There 
was usually one large and prominent nucleolus in the egg nucleus. In one 
cell, however, there were two nucleoli. 
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MALE GAMETES 
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Fics. 6-10. Photomicrographs of fertilization and Se stages. Fics. 6 
n 


and 7 at 135 X, Fics. 8, 9, and 10 at 27 X. Fic. 6. fertilized egg and polar nuclei. 
Fic. 7. Male gametes in contact. Fic. 8. Prophase in the primordial cell of the 
endosperm (cf. Fig. 2). The male gamete is in contact but not completely fused with the 
egg cell nucleus. Fic.9. Two-celled embryo, endosperm nuclei at anaphase and 
telophase with no cell walls. Two days after anthesis. Fic. 10. Embryo is eight-celled 
and the endosperm has some cell walls. Four days after anthesis. (The pocket around 
the embryo was pushed slightly out of line by the cover slip.) 
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The male gamete in contact with the egg cell nucleus sinks down into the egg 
nucleus and is then enveloped by that nucleus. The penetration process is 
probably an enzymatic digestion of the nuclear membrane. After penetration 
the egg cell nuclear membrane re-forms but the male gamete stains less 
densely and becomes granular in appearance with no apparent surrounding 
membrane. The complete contents within the nuclear membrane then pass 
into prophase with neither male nor female chromosomes being distinguishable 
(Fig. 4). Except for size and the prominent nucleoli the cell at prophase 
resembles a normal diploid cell at a similar stage. When prophase was 
complete and full metaphase reached, the chromosomes were all orientated on 
one spindle (Fig. 5). Divisions proceeded in a normal fashion with cell walls 
being laid down. The plane of the first division was along the long axis of 
the egg cell. 

The fusion of the male gamete and the two polar nuclei occurs in a similar 
manner but with greater rapidity. In all the ovaries I examined the nuclear 
membrane around each polar nucleus was still intact at the time of sperm 
contact (Fig. 1). In each nucleus there was one large nucleolus, although 
there were sometimes one or two small ones as well. Fusion between the two 
polar nuclei was often simultaneous with penetrance of the male gamete. In 
other ovules the gamete entered one polar nucleus before the separating 
nuclear membrane broke down and fusion of the two polar nuclei occurred. 
A nuclear membrane re-formed around the combined structure and often 
parts of the separating membrane were visible in the middle of the large 
nucleus. Again no membranes were seen surrounding the male gametes. 
They became diffuse and entered prophase with the other nuclear material 
(Fig. 2). The two large nucleoli remained prominent and two or sometimes 
three nucleoli were formed from the male chromosomes. Metaphase was on a 
common spindle with no apparent segregation of the parental chromosomes. 
There were no cell walls laid down between the daughter nuclei. 


Endosperm and Embryo 

The development of the embryo and endosperm is outlined in Table I. 
The free nuclei of the endosperm are not restricted by intervening walls and 
undergo rapid divisions. There is as well a certain amount of synchronization 
and in young endosperms nearly all the cells are at one stage of division 
(Fig. 9). The nuclei spread apart rapidly with division and are interspersed 
around the antipodals and the top of the embryo by the second or third day. 
Cell walls are first formed in the pocket around the embryo and then appear 
along with cell contents (presumably starch) in the rest of the endosperm. 
The endosperm is a triploid tissue (3 X = 63) and at metaphase or anaphase 
it is possible to verify this by counting the chromosomes. At interphase the 
nucleoli are prominent and vary greatly in number. No nuclei with obvious 
chromosome breakage and no abnormal or polyploid cells were observed. 
There was an occasional lagging chromosome at anaphase. 

The fusion process in the egg cell and the rate of subsequent divisions of the 
embryo are much slower than in the endosperm. Then again, divisions occur 
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TABLE I 


POSTFERTILIZATION DEVELOPMENT IN WHEAT OVULES 


Embryo Endosperm 
Days after 
anthesis No. of cells Condition No. of nuclei Condition 

0 — Not fertilized — Polar nuclei 
not fertilized 

1 No divisions Fertilized 2-12 Free nuclei 

2 1-4 Prophase to 4-32 Free nuclei 

4-celled embryo 

3 8-16 60-100 plus _—‘ Free nuclei 

4 8-16 100-300 Cells near the 
embryo 

S 20-34 1000 plus More cellular 
and starchy 

7 52-64 plus 2000 plus Cellular starchy 

9 100 plus _— Starchy compact 
body 


For the first three days, over 100 ovules were examined. Later, only 5-10 were examined for 
each interval. 


in definite planes and a typical compact embryo structure is built up. This 
structural pattern is obviously under gene control and associated with cell 
wall formation. 

In the four-day-old ovaries from the cross Hordeum marinum X H. vulgare 
the endosperm begins to degenerate in several areas, but with one conspicuous 
band near theembryo. In all the preparations the antipodals were surrounded 
with normal tissue. 


Discussion 
Embryo and Endosperm 


I have compared my results (Table 1) with those given for wheat by Boyes 
and Thompson (2) and Wakakuwa (15). There is some variation in time and 
growth relationships of all three accounts but it can very well be due to 
variability in temperature. The previous workers did not make a detailed 
count of endosperm nuclei after the first day but their conclusions are similar 
to mine. 

I did not see any polyploid nuclei in the Triticum endosperm. However, I 
have seen a few polyploid divisions in normal rye endosperms and it is possible 
that errors of division would occasionally lead to polyploid cells in wheat. In 
other genera, polyploidy is of fairly common occurrence. 


Antipodals 


Maheshwari (7) stated that antipodals enlarge, and become glandular after 
fertilization and thus offer a close analogy to the tapetum. Beaudry (1) 
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assumed that they had a secretory role and associated the death of the 
endosperm with hypertrophy of the antipodals. He supported the theories of 
Brink and Cooper (3) and disputed those of Thompson and Johnston (14) who 
claimed that the antipodals were not sufficiently different from normal to be 
of significance in the breakdown of a Hordeum X Secale cross. Brock (4) has 
shown that breakdown in the lily endosperm is not caused by the antipodals. 
He suggested that the endosperm breakdown was caused by chromosome 
abnormalities. He has also shown that in the initial stages, breakdown in the 
endosperm is not localized. 

My observations of the breakdown in the interspecific Hordeum cross 
strengthened my opinion, formed during the routine check of wheat develop- 
ment, that the antipodals were not responsible for any chormosome abnor- 
malities that arise in the endosperm. Against the theory of nurse function 
for the antipodals are other facts. 1. The antipodals are in no way connected 
to vascular strands and after a few days are cushioned by the endosperm 
nuclei. 2. In unfertilized embryo sacs the antipodals are as numerous and 
nearly as large as in fertilized ovules. 3. In other plant families only three 
antipodals are formed. They degenerate quickly and thus have no nurse 
function in embryo relationships (see review by Brink and Cooper (3) ). 
4. All authors agree that the antipodals degenerate early. Brink and Cooper 
(3) stated, ‘‘The promptness with which the antipodals respond is remarkable.”’ 
If they are the cause of regression in hybrid endosperm tissue their potency is 
also very remarkable. 


Fertilization 


While much has been written about the process of fertilization, there are 
only a few recent accounts where a detailed description of the actual fusion 
of gametes is given. The process varies from one genus to another, or at 
least so one is forced to believe from a study of the literature. A detailed 
review in the gymnosperms is given by Johansen (6) and in the angiosperms 
by Maheshwari (7). 

In Pinus and Bowenia (Johansen (6) ) the fusion process is very similar to 
that in Triticum. However, in the gymnosperms, when the chromosomes 
become differentiated from the resting gametes, they form into two groups, 
one from the male and one from the female nucleus. Each group has a distinct 
spindle and the groups lie parallel to one another. Later they converge on a 
common spindle. In Triticum the chromosomes come out of prophase on to 
a common metaphase plate with only one spindle. 

In his comprehensive review, Maheshwari (7) considered that a careful 
account of fusion in fertilization was given by Gerassimova (5). Sharp (13) 
has also used the description in his book. A complete account of the fusion 
process in Fritiliaria and in Triticum durum was given by Sax (12) in 1918. 
In my opinion his work is of equal value with that of Gerassimova in Crepis. 
I feel that the behavior in Crepis is unusual rather than general. 
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In Crepis according to Gerassimova (5) the sperm nucleus unwinds and 
stretches out into rod-like bodies and only after they are unwound does 
penetration into the egg cell nucleus take place. This is not so in wheat, in 
other angiosperms, nor in the gymnosperms. Then again Gerassimova 
reports, ‘‘the male nucleolus approaches the nucleolus of the female nucleus 
and fuses with it....... thus closing the perceivable phenomena of sexual 
union of the nuclei.’”’ In wheat there is no fusion of the nucleoli. The other 
details given by Gerassimova are similar to those that have been given for 
wheat, e.g., there is only one common spindle at the first division. 

The account published by Sax (12), while of great value, is unfortunately 
marred by reference to the continuous spireme and the segmentation into 
chromosomes. There are some comparisons which can be made. First, the 
fusion of gametes occurs when the cells are in a resting condition (although he 
did report that gametes were sometimes in the spireme stage in Fritillaria 
(11) ).. Secondly, each nucleus forms its own spireme. This would mean no 
actual fusion of nuclear material and would agree with the reported behavior 
in gymnosperms but be contrary to my observations. However, Sax claimed 
a different mechanism in the two genera, i.e., in the zygote of Triticum and in 
both the zygote and primordial endosperm of Fritillaria there is no segregation 
of chromosomes.’ Yet in 7riticum Sax claimed, ‘‘the chromatin of the male 
nucleus and polar nuclei maintain their independence not only in the spireme 
stage, but also in the early division stages.”’ I cannot agree that this interpre- 
tation is of universal application in Triticum. I found that in both the egg 
nucleus and the primary endosperm nucleus, the nuclear material was 
dispersed throughout the cells at prophase of division. The chromosomes 
were not collected into separate groups at the primary division of the endo- 
sperm or embryo. 

In 1937, Pope (8) published the results of his important experiment in 
fertilizing barley. It is unfortunate that he did not record in detail a descrip- 
tion of the various stages of fusion. His photomicrographs and description 
are good. The chronological outline shows that the process in barley is nearly 
identical to my description. Pope did report that the male gametes become 
indistinguishable except for a nucleolus and that later the reticulum shortens 
and thickens to produce a prophase. He made no mention of separate 
prophase groups or of chromosomes in groups at metaphase. 

There is no logical reason why the fusion process in gymnosperms should 
differ from that in angiosperms, or any reason why there would be major 
differences between genera within the angiosperms. Some _ confusion 
undoubtedly has arisen because the fusion process is rapid in the plants 
studied. Again the staining intensity at some critical stages is not too great 
and this cuts down the sharpness of detail. It is of course possible that there 
are real differences between some plants. With the use of the squash technique, 
extensive studies are possible. It is hoped that future studies in many 
diverse genera will substantiate or repudiate all existing claims and prove 
whether the reported isolated phenomena are facts or fancy. 
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STUDIES OF WESTERN TREE RUSTS 


II. MELAMPSORA OCCIDENTALIS AND M. ALBERTENSIS, TWO 
NEEDLE RUSTS OF DOUGLAS FIR! 


By W. G. ZILLER? 


Abstract 


Observations at selected field locations and results of repeated inoculations 
have shown that Douglas fir is an aecial host of Melampsora occidentalis Jacks. 
A brief account of the rust’s life history is given and the aecial state is described 
from a specimen obtained by inoculation. Arthur's diagnosis of the aecial 
state of M. albertensis Arth. is replaced by a new description based on a specimen 
obtained by inoculation. Caeoma occidentale Arth. is shown to represent the 
pycnial and aecial states of Melampsora occidentalis, not M. albertensis. The 
aecial states of M. albertensis and M. occidentalis, both occurring on Douglas fir 
needles, are identical in gross morphology and time of appearance in nature, 
but can easily be distinguished from each other by spore size. 


Introduction 


The leaf rusts of poplar in western North America belong to the most 
conspicuous and most commonly occurring native tree rusts. “Taxonomically 
they represent four species of the genus Melampsora (M. populnea (Pers.) 
Karst.’, M. albertensis Arth., M. medusae Thiim., and M. occidentalis Jacks.) 
the pycnial and aecial states of which, so far as is known, occur on needles of 
conifers. In British Columbia only two species of poplar rusts are known, 
M. albertensis on trembling aspen (Populus tremuloides Michx.) and M., occiden- 
talis on black cottonwood (Populus trichocarpa Torr. & Gray). Both occur 
very frequently, occasionally causing considerable premature defoliation of 
their hosts (7, 8). 

Arthur (3, 4) showed by inoculation that the aecial state of Melampsora 
albertensis is a Caeoma on Douglas fir (Pseudotsuga taxifolia (Poir.) Britton). 
Melampsora occidentalis, however, was known only from its uredinial and 
telial states on cottonwood (10). Although Weir and Hubert (12) obtained 
infections on larch (Larix spp.), the identity of the telial material they used 
for inoculation remains uncertain (10). Accordingly, the alternate host of 
Melampsora occidentalis is still unknown. 

The object of this paper is to present evidence of the alternate host and life 
cycle of M. occidentalis and to amend the diagnoses of both M. albertensis and 
M. occidentalis, in the light of recent taxonomic investigations. 


Field Observations 


In the course of an intensive survey of the tree rusts in central and southern 
British Columbia, a total of 125 specimens of Melampsora species were collected 


1 Manuscript received November 22, 1954. 

Joint contribution from the Department of Botany, University of Toronto, Toronto, Ontario, 
and (Contribution No. 175) from the Forest Biology Division, Science Service, Canada Department 
of Agriculture, Ottawa, Ontario. 

2 _Assistant Forest Pathologist, Forest Biology Laboratory, Victoria, British Columbia, 
= M. aecidioides (DC.) Schroet. 
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on poplar and Douglas fir. An effort was made by collectors to note the 
presence of alternate hosts in the collection area and to search for rusts on 
these hosts. 


Since most of the Melampsorae on Salicaceae in North America have as 
their aecial state a Caeoma on conifer needles, it was expected that the alternate 
host of M. occidentalis would prove to be one of the conifers. Collection 
records showed that M. occidentalis occurs on cottonwood throughout central 
and southern British Columbia and usually in the vicinity of conifers, parti- 
cularly Douglas fir. A caeomoid Douglas fir needle rust was recorded from 
areas throughout the natural range of Douglas fir in British Columbia, usually 
in the vicinity of trembling aspen, black cottonwood, or both. 

From examination of 77 collections of rusted poplar leaves it appears that 
M. albertensis never occurs on black cottonwood, and that M. occidentalis 
never occurs on trembling aspen. Reports to the contrary (6, pp. 385 and 387; 
9, p. 155) should be considered as doubtful until verified. 


In order to determine whether rust on Douglas fir can be caused by either 
M. albertensis or M. occidentalis, four field locations on Vancouver Island were 
selected for observation. In each location young cottonwood grew adjacent 
to young Douglas fir. No other species of Populus or conifers, except a few 
grand fir (Abies grandis (Dougl.) Lindl.}, were present within a radius of 
approximately one mile. The nearest larch (Larix spp.) occurred naturally 
only on the mainland, over 100 miles distant. 

Periodic examinations in 1951 showed that the Melampsora rust on cotton- 
wood and the Caeoma rust on Douglas fir occurred in close association and in- 
variable abundance at all four locations. Pycnia on the young and succulent 
Douglas fir needles appeared during the first weeks of June, followed by aecia 
one to two weeks later. The rust-infected Douglas fir needles began to 
shrivel in July and were gradually shed during the following months. At the 
end of June, two weeks after the appearance of the first aecia on Douglas fir, 
a few uredinia on some of the nearby cottonwood leaves became visible. 
From then on, the severity of the cottonwood rust increased constantly until 
the leaves were shed. The formation of telia began in July and continued 
until fall. The teliospores in the dead cottonwood leaves on the ground began 
germinating in the middle of May of the following spring. 

Observations at Beaver Lake, near Victoria, were of particular interest. 
One small cottonwood was partly surrounded by young Douglas fir and a few 
young grand fir. This tree had obviously been the source and focus of 
infection: on June 28, about 50% of the young Douglas fir needles were 
rusted within a radius of about 30 ft. from the cottonwood. The infections 
became gradually less as the distance from the cottonwood increased, until, 
at a distance of 300 ft., it was difficult to find any sign of the needle rust. 
Two weeks later, the cottonwood became very heavily infected with Melamp- 
sora occidentalis. Grand fir in the vicinity remained free of rust throughout 
the season. 
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Inoculations 


Five inoculation experiments were carried out to determine more precisely 
the host relationships of M. albertensis and M. occidentalis. 

Experiment A.—On June 29, 1951, aeciospores from rusted Douglas fir 
needles at Beaver Lake were sown on cottonwood at two locations and on 
aspen at a third location, all near Victoria, according to methods described 
previously (13). About three weeks later all inoculated cottonwood showed 
the first symptoms of infection by M. occidentalis. All inoculated aspen as 
well as all controls and the surrounding foliage remained free of rust throughout 
the year. 

Experiment B.—On May 12, 1952, telia of M. occidentalis on overwintered 
cottonwood leaves from Beaver Lake were used to inoculate one Douglas fir 
seedling in the greenhouse. The young foliage of the inoculated seedling 
became slightly discolored and many pycnia appeared on all current year's 
needles 11 days later. An abundant crop of aecia followed on May 29. 

Experiment C.—On May 12, concurrent with Experiment B, telia of 
M. albertensis on overwintered aspen leaves from Royal Oak, near Victoria, 
were used to inoculate another Douglas fir seedling in the greenhouse. Pycnia 
and aecia appeared on all current year’s needles as abundantly and at the 
same dates as in Experiment B. The rust symptoms produced on Douglas 
fir in Experiments B and C were identical. 

Experiment D.—On May 27, telia of M. occidentalis on cottonwood obtained 
in Experiment A were used to inoculate six Douglas fir seedlings in the same 
greenhouse. The telia-bearing leaves were gathered after their natural 
shedding in 1951 and overwintered under field conditions. At that time 
telia of both M. occidentalis and M. albertensis were beginning to germinate. 
under field conditions. The basidia and sporidia appeared as a velvety, light 
cinnamon-brown covering over the almost black telia. As a result of inocula- 
tion, only four of the six plants became infected. Pycnial and aecial infections 
occurred only on the tips of the youngest growth, on the shoots as well as the 
needles. The infections were quite sparse and became apparent a month 
after incubation. 

Experiment E.—On May 29, germinating telia of M. albertensis on aspen 
leaves from Royal Oak were used to inoculate two Douglas fir seedlings, also 
in the greenhouse. The results were the same as in Experiment D: a few 
aecial infections, on the youngest growth only, were noted a month after 
incubation. The rust symptoms produced on Douglas fir in Experiments 
D and E were identical, but different from the symptoms in Experiments B 
and C as shown. 


Controls for all experiments remained entirely free of rust. Specimens of 
the spore states obtained by inoculation, as well as part of the material used 
for inoculum, have been filed for reference. 
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Taxonomy 


Field observations and results of inoculation have left no doubt that on 
Douglas fir occur aecia of two species of Melampsora which are identical in 
gross morphology and fruiting habit. It remains to be shown whether they 
can be reliably distinguished from each other by their microscopic charac- 
teristics alone. 

An authentic specimen of the aecial state of M. occidentalis (DAVFP* 7679) 
was obtained by inoculation of a Douglas fir seedling with telia on cottonwood 
(Experiment B). A description based on this specimen follows: 

Melampsora occidentalis Jackson in Phytopathology, 7 : 354. 1917. 

Caeoma occidentale Arth. in Torrey Botan. Club Bull. 34: 591. 1907. 

Pycnia amphigena, numerosa, minuta, inconspicua, subcuticularia, hemi- 
sphaerica, lutea, 40-60 uw lat. X 60-120 w long. &K 20-30 walt. Spermatia 
hyalina, ab ellipsoideis oblongata, 2-3.5 & 4-6 u. 

Aecidia hypophylla, biseriata, superficie visa a rotundis oblongata, fulves, 
0.2-0.4 mm. lat. X 0.3-1.0 mm. long. Aecidiosporae late ellipsoideae, sub- 
applanatae, 22-27 X 26-35 (38) uw; parietes sporarum hyalini, verrucosi, 
verrucis inclusis 1.5-2.5 w crass.; parietes laterales applanati 3-6 w crass.; 
verrucae densae, 1-2 uw a centro ad centrum. 

Pycnia amphigenous, scattered, abundant but minute and wiconspicuous, 
subcuticular, hemispheric to conoidal, honey-yellow, 40-60 uw wide X 60-120 yu 
long X 20-30 high. Pycniospores hyaline, ellipsoid to oblong, 2-3.5 
xX 4-6 

Aecia hypophyllous, biseriate, roundish to elliptic and oblong in surface 
view, orange—yellow when fresh, 0.2-0.4 mm. wide X 0.3-1.0 mm. long. 
Aeciospores broadly ellipsoidal, slightly flattened laterally, 22-27 26-35 
(38) uw; wall including warts hyaline, verrucose, 1.5-2.5 uw thick; the two 
flattened side walls 3—6 wu thick including warts; warts crowded, 1-2 uw apart 
from center to center. 

Habitat on current year’s needles of Pseudotsuga taxifolia (Poir.) Britton 
in Alberta and British Columbia, Canada, and in Idaho, Montana, Oregon, 
and Washington, U.S.A. 

Illustrations: Figs. 1-3. 

Exsiccati: Barth. Fung. Columb. 5033 (specimen at Herb. Arth. only; 
specimen at DAOM herbarium is Melampsora albertensis as issued). Barth. 
N. Amer. Ured. 1721 (issued as M. albertensis; both, DAOM and Herb. Arth. 
specimens, examined). 


Specimens examined: 
CANADA: ALBERTA: Wetaskiwin, DACFP 645 (DAVFP 8654). BritisH 
CoLuMBIA: Beaver River Valley, Herb. Arth. 2230 (type of Caeoma occidentale 


‘ The following abbreviations are used in referring to herbaria in which the specimens cited are 
deposited: DACFP—Herbarium of the Department of Agriculture, Forest Biology Laboratory, 
Calgary, Alberta, Canada; DAOM—Mycological Herbarium, Botany and Plant Pathology 
Division, Department of Agriculture, Ottawa, Canada; DAV FP—Herbarium of the Department 
of Agriculture, Forest Biology Laboratory, Victoria, B.C., Canada; Herb. Arth.—Arthur 
Herbarium, Purdue University Agricultural Experiment Station, Lafayette, Ind., U.S.A. 
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Fics. 1-3. Melampsora occidentalis. FiG.1. Cross section of a large, epiphyllous 
pycnium, X500. Fic. 2. Pycniospores surrounding a flattened and burst aeciospore, 
X1000. Fic. 3. Aeciospores; note the rather coarsely warted and laterally thickened 
spore walls; 500. 

Fics. 4-6. M. albertensis. Fic. 4. Cross section of a hypophyllous pycnium near a 
resin duct, X500. Fic. 5. Pycniospores surrounding a flattened and burst aeciospore, 
1000. Fic. 6. Aeciospores; note the small warts and lateral thickening of the spore 
walls; 500. 
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Arth); Brouse, DAVFP 9228; Creston, DAVFP 8128; Duncan, Vancouver 
Island, DAVFP 6252 (associated with II on Populus trichocarpa); Kootenay 
Lake, DAOM 7975, DAOM 12010, DAOM 12011, DAVFP 2016, DAVFP 
2017, DAVFP 2018; Longbeach, DAOM 12012; Nakusp, DAOM 44115 
(DAVFP 9224, associated with II on P. trichocarpa); North Vancouver, 
DAVFP 2023; Saanich, Vancouver Island, DAVFP 6981 (DAOM 44065, 
Herb. Arth. 53345, part used for inoculation, Experiment A), DAVFP 6984 
(associated with II on P. trichocarpa), DAVFP 7669 (obtained by inoculation, 
Experiment B, pycnia only), DAVFP 7679 (DAOM 44066, Herb. Arth. 53346, 
obtained by inoculation, Experiment B, and described above; Fig. 2), DAVFP 
7979 (DAOM 44069, Herb. Arth. 53347, Fig. 3), DAVFP 8283 (obtained by 
inoculation in Experiment D with telia obtained from previous inoculation in 
Experiment A); Silverton, DAVFP 6255 (associated with II on P. trichocarpa) ; 
Spuzzum, DAVFP 6256 (associated with II on P. trichocarpa). 

U.S.A.: IpAHO: Marble Creek, Herb. Arth. 43845; Priest River, Herb. 
Arth. 2237. Montana: Darby, Herb. Arth. 2223 (Barth. Fung. Columb. 5033, 
issued as Melampsora albertensis. See ‘‘Exsiccati’’, above). OREGON: Jefferson 
Mtn., Herb. Arth. 2233. WaAsHINGTON: Ione, DAOM 269; Lake Chelan, 
Herb. Arth. 2232 (Barth. N. Amer. Ured. 1721 issued as M. albertensis; 
DAOM specimen examined also); Spirit, DAOM 290; Sullivan Lake, Herb. 
Arth. 43843, Herb. Arth. 43844. 

An authentic specimen of the aecial state of M. albertensis (DAVFP 7680) 
was obtained by inoculation of a Douglas fir seedling with telia on aspen 
(Experiment C). A description based chiefly on this specimen follows: 


Melampsora albertensis Arthur in Torrey Botan. Club Bull. 33 :517. 1906. 
amend. 

Pycnia amphigena, numerosa, minuta, inconspicua, subcuticularia, hemi- 
sphaerica, lutea, 40-60 w lat. X 60-120 uw long. X 20-30 uw alt. Spermatia 
hyalina, ab ellipsoideis oblongata, 2-2.5 & 3-5 uw. 

Aecidia hypophylla, biseriata, superficie visa a rotundis oblongata, fulves, 
0.2-0.4 mm. lat. X 0.3-1.0 mm. long. Aecidiosporae late ellipsoideae, sub- 
applanatae, 16-21 X (17) 19-26 (29) wu; parietes sporarum hyalini, verrucosi, 
verrucis inclusis 1-2 w crass.; parietes laterales applanati 2.0—-4.5 yw crass.; 
verrucae densae, 0.75-1.5 wa centro ad centrum. 

Pycnia amphigenous, scattered, abundant but minute and inconspicuous, 
subcuticular, hemispheric to conoidal, honey-yellow, 40-60 wu wide K 60-120 u 
long X 20-30 mw high. Pycniospores hyaline, ellipsoid to oblong, 2-2.5 
X 3-5 p. 

Aecia hypophyllous, biseriate, roundish to elliptic, and oblong in surface 
view, orange—yellow when fresh, 0.2-0.4 mm. wide X 0.3-1.0 mm. long. 
Aeciospores broadly ellipsoidal, slightly flattened laterally, 16-21 x (17) 
19-26 (29) uw; wall including warts hyaline, verrucose, 1-2 uw thick; the two 
flattened side walls 2.0—4.5 w thick including warts; warts crowded, 0.75- 
1.5 uw apart from center to center. 
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Habitat on current year’s needles and on bracts of cones of Pseudotsuga 
taxifolia (Poir.) Britton in Alberta and British Columbia, Canada, and in 
Colorado, Montana, New Mexico, Utah, and Wyoming, U.S.A. 

Illustrations: Figs. 4-6. 

Exsiccati: Barth. Fung. Columb. 5033 (specimen at DAOM herbarium 
only; specimen at Herb. Arth. is Melampsora occidentalis). Barth. N. Amer. 
Ured. 511 (specimens at Herb. Arth. and DAOM herbarium examined). 


Specimens examined: 

CANADA: ALBERTA: Jasper, Herb. Arth. 43842. British CoLUMBIA: 
Alaska Highway, DAVFP 5871; Australian, DAVFP 9276 (on cone bracts); 
Babine Lake; Barriere; Cache Creek, DAVFP 4718, DAVFP 4728; Cinema, 
DAVFP 5872; Clinton, DAVFP 6250, DAVFP 6251 (associated with II on 
Populus tremuloides); Kamloops, DAVFP 2019, DAVFP 4717 (DAOM 44064, 
associated with II on P. tremuloides), DAVFP 9087 (associated with II on 
P. tremuloides); Kelowna; Lake Cowichan, Vancouver Island, DAVFP 495, 
DAVFP 551, DAVFP 560, DAVFP 564, DAVFP 2020, DAVFP 2021, DAVFP 
6977; Malahat, Vancouver Island, DAVFP 8859; McBride; Osoyoos, 
DAOM 44114 (DAVFP 9223, associated with II on P. tremuloides); Priestly, 
DAVFP 7008; Princeton, DAVFP 6254 (associated with II on P. tremuloides) ; 
Royal Oak, Vancouver Island, DAVFP 6986 (associated with II on P. tremu- 
loides); Saanich, Vancouver Island, DAVFP 7680 (DAOM 44067, Herb. Arth. 
53348, obtained by inoculation, Experiment C, and described above; Fig. 5), 
DAVFP 7978 (DAOM 44068, Herb. Arth. 53349, associated with II on 
P. tremuloides; Fig. 6), DAVFP 8284 (obtained by inoculation, Experiment 
E); Strathnaver, DAVFP 9275 (on cone bracts); Tete Jaune; Vancouver, 
DAVFP 2022; Woodpecker. 

U.S.A.: CoLorapo: Denver, Herb. Arth. 2228 (“garden culture’ by 
Bethel with telia on P. tremuloides); Eldorado Springs, Herb. Arth. 2217, 
Herb. Arth. 2227 (DAOM specimen examined also; Barth, N. Am. Ured. 511), 
Herb. Arth. 2229, Herb. Arth. 2231; Golden, Herb. Arth. 2225, Herb. Arth. 
2226 (on cone bracts); Palmer Lake, Herb. Arth. 2234, Herb. Arth. 2235; 
Ridgeway, Herb. Arth. 2221. INnpbIANA: Lafayette, Herb. Arth. 2218, Herb. 
Arth. 2219, Herb. Arth. 2220, Herb. Arth. 2238 (the above four specimens 
were obtained by inoculation with III on P. tremuloides collected in Colorado; 
see Refs. 3, pp. 29-30, and 4, p. 58). Montana: Darby (Barth, Fung. 
Columb. 5033, DAOM specimen only; Herb. Arth. specimen, Herb. Arth. 
2223, determined as Melampsora occidentalis). NeW MExIco: James Canyon, 
Otero County, Herb. Arth. 48089 (DAOM 5034), Herb. Arth. 47936. UtTan: 
Cedar City, Herb. Arth. 2224. Wyominc: Tie Siding, Herb. Arth. 2236. 

All specimens obtained by inoculation of Douglas fir with telia of M. alber- 
tensis (DAVFP 7680, DAVFP 8284, Herb. Arth. 2228, Herb. Arth. 2218, 
Herb. Arth. 2219, Herb. Arth. 2220, and Herb. Arth. 2238) were compared 
with the specimens obtained by inoculation of Douglas fir with telia of 
M. occidentalis (DAVFP 7669, DAVFP 7679, and DAVFP 8283 from Experi- 
ments B and D). These comparisons showed that the two rust species can be 
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distinguished from each other on Douglas fir in both the pycnical and aecial 
states, the most pronounced distinguishing characteristic being the length of 
aeciospores. Assuming that M. albertensis and M. occidentalis are the only 
rusts occurring on Douglas fir, the remainder of all specimens listed were 
identified by aeciospore characteristics without difficulty. Field notes of an 
association with uredinia on nearby aspen or cottonwood accompanying many 
collections confirmed microscopic identification in every instance. 

Thirty-two specimens of M. albertensis on Populus tremuloides and 45 
specimens of Melampsora occidentalis on Populus trichocarpa were examined. 
They fitted Arthur’s (1) and Jackson’s (10) diagnoses, respectively, although 
urediniospores of most of the specimens of Melampsora occidentalis collected in 
the coastal region of British Columbia were larger than described by Jackson. 
Their dimensions fell within the limits of 19-29 & (32) 38-59 (63) wu. Whether 
the spores are larger as the result of a more favorable environment on the 
coast or there exists a taxonomically distinct, large-spored form of M. occiden- 
talis has not been investigated. — 

Basidiospores of both, M. occidentalis and M. albertensis, were light 
cinnamon-brown in mass, hyaline under high magnification, globose, apiculate, 
thin-walled, and 9-11 yw in diameter (Figs. 9 and 12). 

The occurrence of M. albertensis on bracts of Douglas fir cones noted by 
Bethel in 1909 (Herb. Arth. 2226) has been confirmed by two recent collections 
made in the interior region of British Columbia (DAVFP 9275 and DAVFP 
9276). M. occidentalis has not yet been found on cones. 

At least three names in addition to M. albertensis and M. occidentalis have 
been applied to the two rust species: Caeoma pseudotsugae-douglasii, Melamp- 
sora pseudotsugae, and Caeoma occidentale. 

On his excursion to Longmire Spring, Washington, in 1913, von Tubeuf (11) 
noticed a Cacoma on Douglas fir growing beside a black cottonwood tree which 
was heavily infected with a Melampsora. He suspected a connection between 
the two rusts and recorded aeciospore measurements of the Caeoma (24-28 X 
16-20 w). He remarked of the Douglas fir rust: ‘‘Man wird ihm, falls es 
nicht schon bekannt ist, den Namen Caeoma Pseudotsugae Douglasiit (und 
spaiter den Namen Melampsora Pseudotsugae unter Beifiigung der zweiten 
Wirtspflanze) wohl geben miissen.... . 

Von Tubeuf apparently did not realize that a Douglas fir rust had already 
been described by Arthur (1, 5). He made no inoculations and gave no 
description of the poplar rust he encountered. None of his specimens were 
re-examined by the writer. Clearly, von Tubeuf’s rust names were meant to 
be used only provisionally. 

Arthur’s diagnosis of the aecial state of M. albertensis is based on a field 
collection of a Caeoma on Douglas fir> which he named Cacoma occidentale 
(2, p. 591). In 1910, and again in 1911, Arthur proved by field observations 
and repeated inoculation that the aecial state of Melampsora albertensis is a 


5 Herb. Arth. 2230, collected by E. W. D. Holway at Beaver River Valley, B.C., on July 27, 
1907. Type of Caeoma occidentale Arth. 
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Fics. 7-9. Melampsora occidentalis. FiG.7. Urediniospores, X500. Fic. 8. Cross 
section of overwintered telium prior to germination of the teliospores in spring, x 100. 
Fic. 9. Basidiospores; note apicula; 500. 

Fics. 10-12. M. albertensis. Fic. 10. Urediniospores, X500. Fic. 11. Cross section 
of overwintered telium prior to germination of teliospores in spring, X100. Fic. 12. 
Four basidiospores, X 500. 
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Caeoma on Douglas fir (3, 4). He concluded that C. occidentale Arth. is the 
aecial state of Melampsora albertensis and placed the former name in synonomy 
with the latter (5). 

The type specimen of Caeoma occidentale is very well preserved. The 
writer fully agrees with Dr. G. B. Cummins‘ in that “there is no doubt what- 
ever about its identity with Melampsora occidentalis Jacks.’’ Arthur obtained 
four specimens by inoculation of Douglas fir with telia on Populus tremuloides 
(3,4). They were re-examined and found to be good specimens of Melampsora 
albertensis. It seems doubtful that Arthur ever compared these specimens 
with the type of Caeoma occidentale. 


Conclusions 


The results of this study show for the first time that Melampsora occidentalis 
causes a needle rust on Douglas fir. The virulence, symptoms, and gross 
morphology of M. occidentalis and M. albertensis appear to be the same, but 
the dimensions of all spores of M. occidentalis, except the basidiospores, are 
appreciably larger than those of M. albertensis (Figs. 1-12). The life cycles 
observed in the two rusts also appeared to be identical, with the exception that 
different poplars are susceptible to each rust species. All observations are 
based on conditions prevailing on southern Vancouver Island. 

The young needles of Douglas fir are infected by basidiospores from over- 
wintered telia on poplar leaves. Infection takes place at the end of May and 
early in June, during the first two or three weeks after bud-break. Pycnia 
and aecia appear one and two weeks later, respectively, on needles slightly 
discolored by the infection. Aeciospores soon mature and in mid-June infect 
susceptible species of poplar. Bright-yellow leaf spots bearing uredinia appear 
as the first symptoms of poplar infection two to three weeks later. 
Re-infections of poplar leaves by urediniospores and the formation of telia 
begin in July and continue until fall. After a period of dormancy during the 
winter, the telia germinate and basidiospores are liberated, which are capable 
of infecting immature Douglas fir needles in spring. The infected Douglas fir 
needles die soon after the aecia appear and are shed during the same summer. 

Experiments B, C, D, and E indicate that Douglas fir needles are equally 
susceptible to both rusts, but only during a short period after bud-break. As 
the leaf tissues mature, the thickening cuticle presumably bars entry of the 
basidiospore germ tubes (Experiments D and £). 

Taxonomic investigations show. the importance of basing aecial descriptions 
on authentic specimens. An aecial specimen of a heteroecious rust is con- 
sidered to be authentic only if it is known to have originated from infections 
by basidiospores of the rust’s telia. Repeated observations in the field may 
furnish sufficient evidence of an association, but positive results from controlled 
inoculations are considered more reliable. 


® Professor and Associate Botanist, Purdue University Agricultural Experiment Station, 
Lafayette, Indiana, U.S.A. 
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M. occidentalis on Douglas fir has been described previously as Caeoma 
occidentale. A new and more detailed description of it is presented in order 
to emphasize the characteristics distinguishing the species from Melampsora 
albertensis in the aecial state. A valid description of M. albertensis on Douglas 
fir, replacing Arthur’s description erroneously based on Caeoma occidentale, is 
presented for the first time. The two new descriptions are based on two 
specimens obtained by inoculation. 

From the results of this study it is to be expected that many herbarium 
specimens of rust on Douglas fir have been misidentified as Melampsora 
albertensis. It is quite possible that more than two rusts occur on Douglas 
fir, and that Douglas fir is not the only aecial host of M. occidentalis, but until 
such evidence has been secured, M. albertensis and M. occidentalis are con- 
sidered to be the only rusts occurring on Douglas fir. The length of aecio- 
spores is the most reliable criterion to distinguish between them 

The geographical distribution of each of the two rust species on Douglas 
fir is indicated in the list of specimens examined, but it may be assumed that 
the geographical range of either species on Douglas fir coincides with the range 
of the species on its poplar hosts: apparently neither of the two rust species 
can survive on Douglas fir, nor on poplar, unless one of its alternate hosts 
grows in the vicinity. Consequently, any rust on Douglas fir could be 
controlled by removal of rust-susceptible poplars from the area. 
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THE INFLUENCE OF LIGHT AND DARKNESS 
ON THE METABOLISM OF RADIOACTIVE GLUCOSE 
AND GLUTAMINE IN WHEAT LEAVES! 


By R. G. S. BIpwELL, G. KrotKov, AND G. B. REED 


Abstract 


C-Labelled glucose or glutamine was fed to wheat leaves in light or darkness, 
and several hours later the distribution of activity among the various plant 
constituents was determined following their separation by paper chromato- 
graphy. From these data it was concluded that complete oxidation of glutamine 
to carbon dioxide proceeded at a greater rate in light than in darkness. In light 
glucose carbon was prevented from reaching pyruvic acid and the Krebs cycle 
to any great extent, but this block could be reversed by the application of 
ammonium nitrate to the leaves. Light or darkness had no effect on the 
respiration of glucose by Staphylococcus aureus. 


Introduction 


Light and darkness exert a profound effect on the metabolism of green 
leaves, particularly on the substrate and operation of the Krebs cycle. It has 
been suggested by Calvin that recent products of photosynthesis are not 
respired in light, and apparently cannot enter the Krebs cycle except in 
darkness (3). Recent work by Vittorio et al. has shown that in light, sugars 
are not respired by leaves to any great extent (9), while they are rapidly 
converted to carbon dioxide in darkness. On the other hand, it has been 
shown that higher plants respire at about the same rate in light or darkness 
under normal conditions of illumination and oxygen tension (2). 

It appeared probable that a study of the operation of the Krebs cycle in 
light and darkness would throw more light on this problem. Glutamine, 
which has been synthesized in this laboratory from CO, (1), is a compound 
which is directly associated with the Krebs cycle. It has accordingly been 
used in the experiments described below together with radioactive glucose 
and carbon dioxide to study the effect of light and darkness on Krebs cycle 
operation. 


The Metabolism of Glutamine and Glucose Fed to Wheat Leaves 
in Light or Darkness 


The material for this experiment was drawn by random sampling from a 
uniform population of 10-day-old Marquis wheat plants which were grown in 
flats in a greenhouse®. The plants were detached at ground level, and 
divided into four samples of 20 plants. All samples had the same fresh 
weight within 5%. 

The wheat samples were placed with their stems immersed in solutions of 
0.1 M uniformly labelled glucose-C™ or glutamine-C" at pH 5.0, and left in 


1 Manuscript received November 19, 1954. 
Contribution from the Departments of Biology and Bacteriology, Queen's University, 
Kingston, Ontario. With financial help from the National Research Council of Canada. 


2 The authors wish to thank Dr. M. A. Berg, Montana State College, for his kindness in 
supplying the seeds. 
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darkness in a fan breeze for one hour. Each sample took up about 0.70 ml. of 
solution. At the end of this time a glucose- and a glutamine-fed sample were 
transferred from the radioactive solutions to water and placed in respiration 
chambers in darkness in a stream of carbon-dioxide-free air. Similar samples 
were placed in illuminated chambers in a stream of air. The samples were 
left under these conditions for nine hours, during which time respired carbon 
dioxide was trapped in sodium hydroxide. Each sample was then killed in 
boiling 50% ethanol, thoroughly extracted with cold 50% ethanol, and the 
alcohol insoluble residue hydrolyzed for 24 hr. in boiling 3 N hydrochloric acid. 
Extracts and hydrolyzates were chromatogrammed and the spots located by 
radioautography, eluted, plated, and counted (1). The results have been 
expressed on the basis of total recovered activity, which agreed for each 
pair of glucose- or glutamine-fed samples to within 10%. These results are 
shown in Table I. 

Glucose introduced into the plants was mainly converted into other sugars 
in both light and darkness. Much larger amounts of aspartic acid, glutamic 
acid, asparagine, glutamine, and alanine were formed in darkness than in 
light. There was not much difference in the formation of compounds released 
by acid hydrolysis in light or darkness. In darkness about 10° of the 
activity was recovered as carbon dioxide. In the glutamine-fed samples small 
amounts of sugars were formed in light, none in darkness. As in the glucose- 
fed samples, more aspartic acid and asparagine was formed in darkness than 
in light, but the amounts of alanine were unaffected by illumination. Serine 
and glycine, which were formed both in light and darkness in the glucose-fed 
samples, were formed in the glutamine-fed samples only in light. The 
incorporation of carbon from glutamine, but not from glucose, into arginin 
and proline indicates that glutamine or glutamic acid is a precursor of these 
compounds in plants as well as in animals and bacteria (6, 7, 10, 11). The 
production of histidine from glutamine does not appear to have been mentioned 
in the literature, although the reverse reaction has been demonstrated in 
Pseudomonas fluorescens (8). The decarboxylation of glutamine or glutamic 
acid to y-amino-butyric acid has been well authenticated in plants and 
bacteria (4, 5). A very much larger amount of glutamine carbon was con- 
verted into acid-insoluble material in light than darkness, indicating a greater 
rate of protein synthesis in light. About the same amount of activity was 
recovered as carbon dioxide from the glutamine-fed sample as from that 
fed glucose. 


It is evident that only small amounts of glucose entered the Krebs cycle 
in light, as shown by the low activities of aspartic acid, glutamic acid, 
asparagine, and glutamine, compounds associated with the Krebs cycle acids. 
Large amounts of glucose carbon presumably did not even reach pyruvic acid 
in light, since alanine contained much less activity in light than in darkness. 
It appears that the block which prevents the respiration of glucose carbon in 
light acts by suppressing its entry into pyruvic acid and the Krebs cycle. 
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TABLE I 


DISTRIBUTION OF ACTIVITY IN 10-DAY WHEAT PLANTS, SUPPLIED WITH EITHER 0.1 M 

UNIFORMLY LABELLED GLUCOSE-C™ oR 0.1 M GLUTAMINE-C' FOR ONE HOUR IN 

DARKNESS, THEN LEFT FOR NINE HOURS EITHER IN DARKNESS IN CARBON-DIOXIDE-FREE 
AIR, OR IN LIGHT IN AIR 


Activities as percentage of total recovered activity 


Glucose fed Glutamine fed 
In dark In light In dark In light 


Alcohol soluble 
Sucrose 3 
Glucose 
Fructose 
Aspartic acid 
Asparagine 
Glutamic acid 
Glutamine 
Serine 
Glycine 
Threonine 
Alanine 
Arginine 
Histidine 
Proline 
OH-Proline 
y-Aminobutyric acid 
Valine 
Leucines 
“Peptides” 
“Acids” 
“Origin” 
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Sugars 
Aspartic acid 
Glutamic acid 
Serine 
Glycine 
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Total insoluble 
Respired CO» 10.6 0.8 10.4 0.8 
100.0% 100.0% 100.0% 100.0% 


It is possible to examine the respiration of glutamine still further. It may 
be seen from Table I that sugars and the amino acids serine and glycine were 
formed from glucose in light or in darkness, but from glutamine only in light. 
These compounds are characteristically formed from carbon dioxide during 
photosynthesis, and it seems reasonable to assume that they were formed in 
the glutamine-fed sample in light from carbon dioxide arising from the respira- 
tion of glutamine, rather than directly from glutamine itself. Thus an 
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approximate value for the respiration of glutamine in light can be determined 
by adding the values for sugars, serine, glucine, and carbon dioxide produced 
in the glutamine-fed sample in light: 


Sucrose 6.4 
Glucose 0.4 
Fructose 0.5 
Serine (soluble) 0.6 
(insoluble 0.6 
Glycine (soluble) 1.4 
(insoluble) 0.7 

Carbon dioxide 0.8 
Total 11.4 


Since carbon dioxide produced from glutamine in darkness formed 10.4% 
of the total activity recovered, one could conclude that glutamine was respired 
to about the same extent in light as in darkness. 

Although the total amounts of carbon dioxide derived from glutamine were 
about the same in light and darkness, they may not necessarily have come 
from the glutamine in the same manner. Radioactive carbon dioxide might 
have been produced in two ways from the glutamine fed: either from the 
decarboxylation of glutamine to produce four-carbon compounds, or from the 
complete oxidation of glutamine in the Krebs cycle. When the four-carbon 
compounds aspartic acid, asparagine, and y-amino-butyric acid are formed 
from glutamine, one molecule of carbon dioxide is evolved for each four-carbon 
molecule formed. Since the glutamine fed was uniformly labelled, one unit 
of activity, representing one carbon, was evolved as carbon dioxide for every 
four units of activity converted to aspartic acid, asparagine, or y-amino- 
butyric acid. It is possible, therefore, to calculate from the data in Table I 
the amounts of carbon dioxide produced by decarboxylation of glutamine, 
and hence the amounts produced by its total oxidation. These calculations 
are shown in Table II. 


TABLE II 


CALCULATION OF THE RELATIVE RATES OF TOTAL OXIDATION OF GLUTAMINE 
IN LIGHT AND DARK 


Data derived from Table I> 


Dark Light 
1. Total CO2 produced from glutamine 10.4 11.4 
2. Total aspartic acid, asparagine, and y- 
amino-butyric acid formed 18.4 o2 
3. CO: evolved in formation of aspartic acid, 
asparagine, and y-amino-butyric acid 18.4 _ 46 9.2_ 23 


4 
4. COs derived from total oxidation of 
glutamine 10.4 —4.6= §.8 11.4—2.3= 9.1 
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It may be seen from Table II that the amount of carbon dioxide derived 
from the total oxidation of glutamine was nearly twice greater in light than in 
darkness. It is evident not only that the Krebs cycle was in operation both 
in light and darkness, but also that glutamine was oxidized at a greater rate 
in light. The observed behavior of sugars in light and darkness suggests that 
they may have acted as a competitive substrate for the Krebs cycle in darkness, 
but not in light, thus affecting the rate of oxidation of the glutamine fed. 


The Effect of Ammonium Nitrate on the Production of Amino Acids 
from Carbon Dioxide or Glucose in Wheat Leaves 


The nature of the block which prevents carbohydrates from being respired 
in light is not clear. As was shown above in glucose-fed wheat plants, alanine 
became far more active in darkness than in light, suggesting that in light much 
less pyruvic acid derived from the glucose fed was available for its formation. 
This suggests that the blockage of sugar respiration in light is due to a lack of 
pyruvic acid, rather than the inability of pyruvic acid to enter the Krebs 
cycle as has been proposed (3). It is possible that during photosynthesis the 
main movement of carbon is through phosphoglyceric acid toward sugars 
rather than toward pyruvate and the Krebs cycle. This directional effect 
may be mediated by triose phosphate dehydrogenase, DPN, being maintained 
in the reduced form by light-produced reducing power so that phosphoglyceric 
acid is reduced very readily while the reverse reaction proceeds slowly. If the 
light-blockage of carbohydrate respiration is of the type described above, then 
it should be possible to overcome the upward flow of carbon in light by placing 
a “suction pump” on the Krebs cycle by feeding ammonia. By mass action, 
such a “‘pump”’ should cause the formation of amino acids and amides from 
Krebs cycle acids, causing a ‘‘vacuum”’ of intermediates in the Krebs cycle. 
If it is biochemically possible, this vacuum should be satisfied, at least in part, 
by drawing carbon through the glycolytic pathway away from sugars. Hence 
when radioactive sugars or carbon dioxide are fed in light, the amino acids 
associated with the Krebs cycle should become much more radioactive in the 
presence of ammonia than in its absence. This possibility has been tested 
in the following experiment. 

Wheat plants were obtained in the same manner as in the first experiment 
and divided into four samples. Two of the samples were illuminated for 24 hr. 
in an atmosphere containing about 3% C™Os, one sample standing in water 
and the other in a 0.04 M solution of ammonium nitrate. At the end of this 
time the plants were killed, extracted with 50% ethanol, chromatogrammed, 
and the spots were eluted, plated, and counted. The other two samples 
were supplied with a 0.1 M solution of uniformly labelled glucose-C™ in 
darkness for one hour, then illuminated in air for eight hours, one sample 
standing in water and the other in a 0.04 M ammonium nitrate solution. At 
the end of this time the plants were treated as described above. The results, 
expressed as per cent recovered soluble activity, are shown in Table III. 


~ 


a 


CANADIAN JOURNAL OF BOTANY. VOL. 33 


TABLE III 


DISTRIBUTION OF ACTIVITY IN THE ALCOHOL SOLUBLE FRACTION OF 10-DAY WHEAT PLANTS 
SUPPLIED WITH: 


(1) CO, in light for 24 hr., on water or 0.04 M NH,NO; solution. : 
(2) 0.1 M uniformly labelled glucose-C™ in dark for one hour, followed by eight hours in 
light in air, on water or 0.04 M NH,NO; solution. 


Activities as percentage of recovered soluble activity 


(1) fed (2) Glucose-C™ fed 
Water NH,NO; Water NH,NO; 
Sugars 77.6 54.4 95.0 79.9 
Aspartic acid and asparagine 0 2:5 0.5 Ld 
Glutamic acid and glutamine 3.8 20.0 4.2 17.5 
Alanine 0.7 0.7 0.3 0.9 
Unknowns 17.9 22.4 0 0 


The bulk of the activity was recovered as sugars whether CQ, or glucose-C™ 
was fed. In the absence of ammonium nitrate, only small amounts of activity 
were incorporated into aspartic acid, asparagine, glutamic acid, and glutamine, 
the amino compounds associated with the Krebs cycle. In ammonium- 
nitrate-fed leaves the amount of activity in these compounds was greatly 
increased. Alanine did not become very active in any of the samples, but 
there was a slight increase in its activity on the addition of ammonium nitrate 
in the glucose-fed sample. The large amount of unknowns in the carbon- 
dioxide-fed samples appeared to be mainly peptidic in nature. 

It is evident that the light-block of carbohydrate respiration is reversible 
by the application of ammonium nitrate and that recent products of photo- 
synthesis are capable of entering the Krebs cycle under its stimulus. 
Unexpectedly, alanine did not show much increase in activity on the addition 
of ammonium nitrate. However, if carbon was being drawn strongly from 
sugars into the Krebs cycle by the action of ammonium nitrate little pyruvic 
acid would be available for alanine synthesis. 


The Effect of Light and Dark on the Respiration of Glucose 
by Staphylococcus aureus 


The blocking of sugar respiration by light has so far been studied in green 
plants, and no attention appears to have been paid to non-photosynthetic 
plants or bacteria. In order to determine if the phenomenon is widespread, 
the respiration of cultures of the bacterium Staphylococcus aureus 6538 
supplied with radioactive glucose in light or darkness was examined. 

A broth culture of the bacteria was inoculated from a slant and incubated 
for 27 hr. at 37°C. to provide a strong growth of cells. Six tubes, each 
containing 9.5 ml. of chemically defined medium lacking glucose, were 
inoculated with 0.5 ml. of the broth culture, and 30 mgm. of glucose-C™ was 
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added to each tube. The tubes were incubated for six hours at 37°C., 
carbon-dioxide-free air being passed through the air space over each culture 
tube, and the respired carbon dioxide being trapped in sodium hydroxide. 
Three of the tubes were illuminated by a 200 W incandescent lamp 3 in. from 
the tubes, screened by water, and the other three were kept in darkness. 
At the end of the experiment 5 ml. of 0.1 N sulphuric acid was added to each 
tube, and the tubes were briefly boiled to drive off any carbon dioxide bound 
in the strongly buffered medium. A carefully measured amount of inactive 
carrier sodium carbonate solution was added to each sodium hydroxide 
absorption flask, carbon dioxide was precipitated as barium carbonate, and 
the amount of carbon respired was determined by titration. The total and 
specific activities of the respired carbon were determined, with the results 
shown in Table IV. 


TABLE IV 


RESPIRATION OF UNIFORMLY LABELLED GLUCOSE-C™ BY CULTURES OF 
Staphylococcus aureus 6538 GROWN FOR SIX HOURS IN LIGHT OR DARKNESS 


Activity fed, 4,704,000 counts per minute (c./min.) per culture. 
Specific activity of carbon in glucose fed 395,000 c./min./mgm. 


Total activity S.A. of respired 
Mgm. carbon respired, carbon, 
No. Treatment respired c./min. c./min./mgm. 
1 Dark 0.89 152,000 171,000 
2 Dark 0.89 153,000 172,000 
3 Dark 145,000 
4 Light 0.89 152,000 171,000 
5 Light - 145,000 - 
6 Light 0.89 147,000 166,000 


It may be seen that the quantities, total activity, and specific activity of 
the respired carbon were the same in light or darkness. It can be concluded 
that the light has no effect on the respiration of this organism. This would 
be expected if the light effect on the respiration of photosynthetic plants is 
associated with light-produced reducing power, as has been suggested. 


Summary 


1. The metabolism of radioactive glutamine and glucose by wheat plants 
in light and darkness has been studied. It was concluded that glutamine 
is completely oxidized to carbon dioxide twice as fast in light as in darkness. 

2. The effect of light and darkness on the respiration of glucose has been 
examined. From the fact that alanine became much more active in darkness 
than in light it has been concluded that the observed light blockage of 
carbohydrate respiration probably occurs between sugars and pyruvic acid. 
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3. It has been shown that the application of ammonium nitrate reverses 
the light-block of carbohydrate respiration and permits recent products of 
photosynthesis to enter the Krebs cycle. 

4. It was found that light has no effect on the respiration of glucose by the 
bacterium Staphylococcus aureus. 
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SPECIFICITY IN THE EFFECT OF HIGH TEMPERATURE 
ON THE ADULT PLANT REACTION OF WHEAT VARIETIES 
TO RACES OF STEM RUST' 


By G. J. GREEN? AND T. JOHNSON® 


Abstract 


The reactions of adult plants of 10 wheat varieties to stem rust (Puccinia 
graminis f. sp. tritict Erikss. & Henn.) races 11, 12, 15A, 15B-1, 15B-2, ISB- i 
17A, 29, 29A, and 139 were determined at temperatures of about 60° F. and 
80°F. The varieties K338 AC 2.E.2 and K117A were resistant to all races 
at both temperatures. Redman was resistant to all races at both temperatures 
except for the races 15B-1, -2, -3, which attacked it at both temperatures. 
This variety was somewhat more susceptible to race 12 at the low than at the 
high temperature. The other varieties were more susceptible at the high 
temperature to one or more races to which they were resistant at the low 
temperature. McMurachy was more susceptible at the high than at the low 
temperature to races 15B-1, 15B-2, and 17A; Selkirk to races 15B-1 and 15B-2; 
Red Egyptian to races 15B-1 and 17A; Triticum timopheevi to races 15B-1, 
15B-2, and 15B-3; Frontana X Thatcher II-47-37 to race 15B-1; Kentana to 
races 12 and 15B-2; and K58 to races 12, 15A, 17A, and 29. Since the resistance 
of these varieties broke down to different races, the effect of high temperature 
on the rust reaction of adult plants is specific for certain combinations of host 
variety and rust race. 


Introduction 


It is well known that the reaction of many cereal varieties to physiologic 
races of rust is markedly influenced by temperature. Because the modifica- 
tion of rust reaction by temperature complicates the identification of 
physiologic races and is an important factor in the reaction of varieties under 
field conditions, considerable attention has been paid to it. 


With few exceptions previous work on varietal reaction to rust races at 
different temperatures has been carried out with seedlings. Waterhouse (7) 
found that seasonal differences in environmental conditions changed the 
seedling stem-rust reaction of certain wheat and oat stem-rust differential 
hosts. Presumably temperature was the most important factor influencing 
the reactions. This work by Waterhouse, that of Johnson (2) with stem 
rust of wheat, that of Peturson (5) with crown rust of oats, and that of 
Gassner and Straib (1) with leaf rust of wheat indicated that in certain 
varieties the breakdown of seedling resistance at high temperatures depended 
on the rust race with which they were inoculated. In several instances a 
particular variety showed greater susceptibility at high temperature to some 
of the races with which it was inoculated, whereas its reaction to other races 
was relatively stable. 


Studies on the effect of temperature on the stem-rust reaction of adult 
wheat plants have been reported rarely. The only directly relevant work 


1 Manuscript received October 15, 1954. 
Contribution No. 1414 from the Botany and Plant Pathology Division, Science Service, 
Canada Department of Agriculture, Ottawa, Ontario. 
2 Associate Plant Pathologist, Plant Pathology Laboratory, Winnipeg, Manitoba. 
3 Officer-in-Charge, Plant Pathology Laboratory, Winnipeg, Manitoba. 
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was that of Johnson and Newton (4) who tested 19 varieties of wheat to three 
races of stem rust at temperatures from 60°F. to 80°F. Eight of the 
varieties which were resistant to the three races at low temperature became 
more or less susceptible at high temperature. These experimenters did not 
find that the increased susceptibility of these varieties at high temperature 
occurred with some races and not with others. Evidence bearing on this 
point, obtained with adult plants grown at high and low temperature at 
Winnipeg, is presented here. 


Materials and Methods 


In the greenhouse at Winnipeg during March and April, 1954, the reactions 
of adult plants of 10 wheat varieties, important as sources of stem-rust 
resistance, to 10 races of stem rust were determined at high and low tem- 


peratures. Adult plants of the wheat varieties K338 AC 2.E.2, K117A,. 


Redman, McMurachy, Selkirk, Red Egyptian, Triticum timopheevi, Frontana 
xX Thatcher II-47-37, Kentana, and K58 were inoculated with stem-rust 
races 11, 12, 15A, 15B-1, 15B-2, 15B-3, 17A, 29, 29A, and 139. The plants 
were grown in 6-in. pots, three or four plants in each pot, and after 24 hr. 
incubation one pot of plants of each variety was grown at high (approximately 
80° F.) and low (approximately 60° F.) temperatures. Continuous records 
of greenhouse temperatures were kept with thermographs and there were 
no pronounced temperature fluctuations during the tests. Varietal reactions 
were determined from the infection types exhibited by the leaf sheaths. 

The relative susceptibility of each variety was expressed numerically by 
recording for each plant the infection types on each of the four uppermost 
leaf sheaths and averaging numerical values assigned to the infection types. 
The numerical values assigned to each infection type appear in Table I. 


TABLE I 


SCALE FOR CONVERTING STEM-RUST INFECTION TYPES TO NUMERICAL VALUES 


Infection type Numerical value Infection type Numerical value 
0 1 X- 9 
0; 2 D4 10 
1- 3 X+ 11 
1 4 3- 12 
i+ 2 3 13 
2- 6 3+ 14 
2 7 4- 15 
2+ 8 4 16 


Note—In.the preparation of Fig. 1, infection types 0 to 1+ were considered to represent 
resistance (R), 2- to X- moderate resistance (MR), X to 3 moderate susceptibility (MS), and 
3+ to 4 susceptibility (S). 
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Descriptions of the infection types have been given by Stakman and Levine 
(6). In Fig. 1, a histogram drawn from these averages shows the relative 
susceptibility of each variety to each race at the two temperatures. Unfor- 
tunately the reactions of Redman to race 11 and Red Egyptian to race 15B-2 
at the high temperature were not determined. Varieties were not considered 
significantly different in reaction unless their numerical indices for reaction 
differed by four. This numerical difference represents the difference between 
two consecutive infection types such as 1 and 2, 2+ and X+, or 3— and 4—. 


Variety 


KII7A 


Wi, 


Front.-Thatch. 
Kentana 
Y Y 


Fic. 1. Reaction of 10 wheat varieties to 10 wheat stem rust races at low temperature 
(black columns) and high temperature (shaded columns). 
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MS—moderately susceptible | R—resistant 
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Several of the races used in the experiment are of special interest. A culture, 
identified as race 12 in November, 1953, was collected on the variety 
MecMurachy in the experimental plots at Winnipeg. The differential hosts 
Mindum, Spelmar, and Kubanka were highly resistant to this culture during 
the winter but at higher temperatures in the spring of 1954 they produced a 
mesothetic reaction indicating that possibly it should be regarded as race 32. 
The biotypes of race 15B are differentiated by the varieties Golden Ball and 
Selkirk. Both of these varieties are resistant to the common 15B-1; Golden 
Ball is susceptible and Selkirk resistant to 15B-2; Golden Ball is resistant and 
Selkirk susceptible to 15B-3. Race 29A was collected in 1953 on Kentana 
in the experimental plots at Winnipeg. This biotype was differentiated from 
other cultures of race 29 by its virulence on McMurachy, Kentana, and K58. 


Results 


The histogram (Fig. 1) shows that the varieties K338 AC 2.E.2 and K117A 
were resistant to all races at both temperatures and Redman was susceptible 
to the race 15B cultures but resistant to the six other races at both tempera- 
tures. The somewhat greater susceptibility of Redman to race 12 at the 
lower temperature was the only instance in this experiment of increased 
susceptibility at the lower temperature. 

The other varieties were more susceptible at the higher temperature to 
one or more races to which they were resistant at the lower temperature. 
At the high temperature McMurachy was more susceptible to races 15B-1, 
15B-2, and 17A, Selkirk to races 15B-1 and 15B-2, Red Egyptian to races 
15B-1 and 17A, Triticum timopheevi to races 15B-1, 15B-2, and 15B-3, 
Frontana X Thatcher II-47-37 to race 15B-1, Kentana to.races 12 and 15B-2, 
and K58 to races 12, 15A, 17A, and 29. The reaction of these varieties to 
the other races used in the experiment was the same at high and low 
temperatures. 


Discussion and Conclusions 


It is apparent that temperature alters distinctly the adult-plant reaction 
of some wheat varieties to certain races of stem rust. In these tests there 
was only one instance (Redman inoculated with race 12) in which resistance 
was greater at the high temperature. Reports of increased resistance at high 
temperature are rare. Johnson and Newton (3) found that seedlings of Little 
Club wheat became more resistant to several races of stem rust as temperatures 
increased above 69° F. They also reported (4) that in one of their tests the 
leaf sheaths of adult plants of the variety Hochzucht C. 10847-S.765 were 
moderately susceptible to race 15 at 64.7° F. but were moderately resistant 
at 78.9° F. Although the data are limited there is some evidence to indicate 
that in some varieties high temperature increases resistance to certain races. 

It is more significant and important, however, that when high temperature 
affected a varietal reaction it usually caused increased susceptibility. The 
varieties McMurachy, Selkirk, Red Egyptian, Triticum timopheevi, Frontana 
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X Thatcher II-47-37, Kentana, and K58, which became more susceptible 
at the high temperature, differed in the races to which they became more 
susceptible. Similarly, rust races 12, 15A, 15B-1, 15B-2, 15B-3, 17A, and 
29, which showed greater virulence at the high temperature, differed in the 
varieties on which their virulence increased. The effect of high temperature 
was evident only on particular combinations of host variety and rust race. 
High temperature apparently did not affect the host alone because no variety 
showed increased susceptibility to all races, nor was the effect produced on 
the rust alone because no race showed increased virulence on all varieties. 
The specificity for particular variety-race combinations indicates that in 
adult plants high temperature causes changes in the host—parasite complex 
which render the host susceptible to a race or races to which it is resistant at 
low temperatures. 
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OBSERVATIONS ON THE MOVEMENT OF 
MOISTURE IN LARGE WOODY STEMS! 


By K. N. H. GREENIDGE? 


Abstract 


The movement of moisture in large woody stems under normal conditions 
of uptake is described. Consideration is also given to the aberrant patterns 
of staining characteristic of woody stems following partial injection of lower 
boles of standing trees. Staining patterns resulting from very drastic dis- 
ruption of the normal channels of water conduction are discussed, and the 
results reviewed in the light of the mechanism of moisture movement in large 
woody stems. 


Introduction 


Surveys of the moisture economy of native tree species were initiated in 
Nova Scotia in 1949, At the outset, emphasis was placed upon the water 
relationships of yellow birch, Betula lutea Michx. f., as part of a comprehensive 
program of studies into the cause of the puzzling and widespread deterioration 
of this species (5). Subsequently, however, investigations were extended to 
embrace numerous other species. Results to be reported in the present paper 
include a number of general observations on the movement of moisture in 
trees, with particular emphasis on the patterns of lateral transfer in different 
structural types. A brief discussion of certain aspects of the mechanism of 
moisture movement in large woody stems is also included. 


Materials and Methods 


The over-all paths of moisture movement were traced by means of the 
injection of an aqueous solution of acid fuchsin (concentration 0.15%) into 
the lower boles of native hardwood and softwood species. The technique 
of Banfield (2) was employed throughout. Species selected for investigation 
included sugar maple, Acer saccharum Marsh., red maple, Acer rubrum L., 
vellow birch, Betula lutea Michx. f., beech, Fagus grandifolia Ehrh., pin cherry, 
Prunus pensylvanica L. f., white elm, U/mus americana L., balsam poplar, 
Populus balsamifera L., and balsam fir, Abies balsamea (L.) Mill. Injected 
trees ranged from 3 to 10 in. in diameter at breast height, and from 28 to 
58 ft. in height. Following injection the trees were felled, peeled where 
necessary, sectioned at 2-ft. intervals, and the staining patterns traced in 
longitudinal and transverse section. Staining patterns were recorded by 
means of photographs or through the outlining of the patterns with indelible 
markings as the disks were being removed from the individual trees. 


1 Manuscript received for publication August 27, 1954. 


Contribution No. 171, Forest Biology Division, Science Service, Canada Department of 
Agriculture, Ottawa, Ontario. 


2 Forest Biology Laboratory, Truro, Nova Scotia. 
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Two methods were employed in the investigation of the patterns of lateral 
transfer in large woody stems. Initial studies involved the excavation and 
immersion of a main lateral root in a large volume of dye solution, followed 
by the pruning of this member at a considerable distance from the root apex. 
This technique was ultimately abandoned, however, the amount of dye 
solution absorbed under these conditions proving inadequate for the purposes 
of this study. In subsequent experiments, cone frustums were fitted to the 
boles of experimental trees and the stems incised, under the surface of the 
injection medium, at from one to four points on the circumference. This 
technique (see Fig. 1) proved entirely satisfactory and was utilized throughout 
the remainder of the study. 

Preliminary studies of certain aspects of the mechanism of moisture 
movement in large woody stems were initiated in 1953 with a survey of the 
influence, on conduction, of very drastic disruption of the normal channels 
of water transport in trees. In these experiments the lower boles of numerous 
stems of several species were more than half sawn through at one or more 
levels, and the stems subsequently either partially or wholly incised. Saw 
kerf in these experiments averaged 0.375 in. The distance between saw cuts 
and the injection level was varied as widely as possible. Likewise, varying 
intervals of time (20 min. to 12 days) separated sawing and injection. Root 
pruning frequently preceded partial injection in an effort to investigate the 
influence of widespread rupture of stretched water columns on the patterns 
of lateral transfer. 


Observations and Results 


Incision over the entire circumference of the bole led to the development, 
in all species, of continuous, clearly-defined staining patterns in the outermost 
growth layers. The dye solution moved vertically upwards, and downwards, 
in the newer wood reaching the terminals readily. On occasion, however, 
a tendency toward a centripetal movement of the dye solution was also 
observed, a reaction which varied markedly within and between species. 
Rates of uptake fluctuated widely, and were correlated with a large number 
of environmental, morphological, and physiological variables. For example, 
constant and slightly fluctuating rates of uptake of 6.0 and 6.6 liters per 
hour were observed over several hours in elm and beech respectively. Much 
reduced though equally constant rates (1.8 liters per hour) were observed 
in sugar maple. Alternatively, rapidly decreasing rates under apparently 
unchanged environmental conditions were frequently noted, and conversely 
though less frequently, increasing rates under improving weather conditions 
were recorded. As noted above, the injection medium moved readily into 
the upper terminals of all species investigated, the date of injection exercising 
little influence on the over-all patterns of conduction subsequent to the onset 
of active transpiration in these latitudes. Characteristics of injected stems 
of several species are listed in Table I, and typical staining patterns are 
illustrated in Figs. 2-4. 
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Fic. 1. Photograph of elm stem more than half sawn through at two levels showing 
cone frustum in position. 
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TABLE I 


CHARACTERISTICS AND BEHAVIOR OF SELECTED STEMS SUBSEQUENT TO 
EXPERIMENTAL TREATMENT 


Uptake 

Tree Diam Ht. by 

No. Species (in.) (ft.) Treatment! per hr.) Trend stain (ft.) 
133 A. saccharum 6 50 A 1.8 Steady 50 
159 U. americana 10 41 A 6.0 Steady 41 
77 P. balsamifera 5 43 A 2.7 Decreasing 43 
167 F. grandifolia 10 45 A 6.6 Fluctuating 45 
152 F. grandifolia 6 40 B 2.2 Steady 40 
160 U. americana 9 54 B 4.4 Decreasing 54 
135 F. grandtfolia 6 41 Cc 2.7 Increasing 41 
113 A. saccharum 4 35 Cc 0.6 _ 35 
146 U. americana 7 D 1.4 
141 B. lutea 4 35 D Very slow — 35 
139 B. lutea 4 34 E Very slow —_— 34 
147 U. americana 6 35 E Very slow _— 35 


1 Scheduie of treatments: 

A — Normal injection procedure. 

B — Bole one half sawn through at two levels and subsequently injected. 

C — Bole injected at two points on circumference separated by 180°. 

D — Bole one half sawn through at one level and subsequently injected at two points on 
circumference separated by 180°. 

E — Bole one half sawn through at one level and subsequently injected at one point vertically 
below saw cut. 


Partial injection of the lower boles of hardwood stems led to pronounced 
radiotangential transfer of the injection medium. The rate, amount, and 
ease of transfer varied widely between species, and was most apparent in 
yellow birch and beech and least pronounced in elm, in which species centri- 
petal transfer was almost absent. Lateral transfer in all species ultimately 
led to the development of a complete ring of stained wood which, however, 
was not necessarily to be found in the outermost growth layers. Typical 
staining patterns illustrative of the paths of lateral transfer in different species 
and structural types are presented in Figs. 8, 9, and 15. 

The partial sawing and subsequent injection of the boles of native hard- 
woods produced some striking alterations in the patterns of moisture move- 
ment in these species, but exercised unexpectedly little influence on the upward 
movement of moisture in stems thus treated, the dye solution reaching the 
upper terminals readily. Rates of uptake, though much reduced, remained 
remarkably high in these trees, rates of 2.2 and 4.4 liters per hour being 
observed in beech and elm respectively. Staining patterns characteristic 
of sawn, injected and partially injected stems are illustrated in Figs. 5-7 and 
10-14. 
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Discussion 


Consideration of Figs. 5-15 reveals a remarkable range of complexity in 
the staining patterns of partially injected and wholly injected stems following 
surgical treatment. The capacity for lateral transfer in all species is clearly 
marked. A satisfactory explanation for these patterns is not immediately 
available, but gradients of diffusion pressure deficits in the tangential, radial, 
and vertical plane appear to be intimately involved. Spiral grain is apparently 
not a factor in the development of these patterns, for patterns similar in nature 
characterized each individual of every species investigated. Moreover, the 
movement of the injection medium was not helical but radiotangential, 
conduction taking place across individual growth rings (see Baker and James 
(1) for discussion of certain morphological considerations affecting radio- 
tangential transfer in woody stems). Ultimately, tangential continuity of 
staining was achieved, but frequently not in the outer growth layers, an 
observation which is not consistent with the necessary requirements of 
spiral grain. 


Fic. 2. Characteristic staining pattern in sugar maple. Sections taken at 1 ft. 9 in., 
2 ft. 9 in. (injection level), 3 ft. 9 in., and thence at intervals of approximately 2 ft. to a 
height of 33 ft. 9 in. above forest floor. (Section at 11 ft. 9 in. not included.) Radial 
depth of chisel penetration at injection level averaged 0.50 in. 
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FIG3 


FIG4 


Fic. 3. Normal staining pattern in elm. Sections taken at 2 ft., 3 ft. (injection 
level), 4 ft., 6 ft. 6 in., 8 ft., and thence at intervals of approximately 2 ft. to a height of 
34 ft. above forest floor. (Sections at 30 ft. and 32 ft. not included.) Radial depth of 
chisel penetration averaged 0.50 in. 


Fic. 4. Staining pattern characteristic of balsam poplar. Sections taken at 2 ft. 


2 in., 3 ft. 2 in. (injection level), 4 ft. 2 in., and thence at intervals of approximately 2 ft. 
to a height of 30 ft. 2 in. above forest floor. Radial depth of chisel penetration averaged 


0.50 in. 
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Fic. 5. Staining pattern observed in elm following the partial sawing of the bole 
at two levels. Sections taken at 2 ft. 2 in., 3 ft. 2 in. (injection level), 3 ft. 11 in., 4 ft. 
10 in. (lower saw cut), 5 ft. 5 in., 6 ft. 2 in. (upper saw cut), 7 ft. 2 in., 9 ft. 2 in., 13 ft. 
2 in., and thence at intervals of approximately 2 ft. to a height of 31 ft. 2 in. above forest 
floor. (Section at 27 ft. 2 in. not included.) Arrows outline position and orientation 
of saw cuts. Radial depth of chisel penetration averaged 0.50 in. Tree injected less 
than one hour after sawing. 
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Fic. 6. Staining pattern observed in sugar maple following the ery sawing of the 
bole at two levels. Sections taken at 2 ft. 4 in. (injection level), 3 ft. 4 in., 3 ft. 5 in. 
(lower saw cut), 4 ft. 4 in., 5 ft. 2 in. (upper saw cut), 5 ft. 4 in., 7 ft. 4 in., and thence at 
intervals of approximately 2 ft. to a height of 39 ft. 4 in. above forest floor. Arrows 
outline position and orientation of saw cuts. Radial depth of chisel penetration averaged 
0 50 in. Tree injected less than one hour after sawing. 
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Fic. 7. Staining pattern observed in beech: this stem partially sawn through at 
two levels and then injected after a period of 12 days. Sections taken at 2 ft. 2 in., 3 ft. 
2 in. (injection level), 4 ft. 2 in., 5 ft. (lower saw cut), 5 ft. 2 in., 6 ft. 2 in., 6 ft. 5 in. (upper 
saw cut), 7 ft. 2 in., 9 ft. 2 in., and thence at 2 ft. intervals to a height of 37 ft. 2 in. 
above forest floor. Arrows outline position and orientation of saw cuts. Radial depth 
of chisel penetration averaged 0.50 in. 
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Fic. 8. Staining pattern observed in beech following the incision of the bole at two 
points on circumference separated by 180°. Sections taken at 1 ft. 8 in., 2 ft. 8 in 
(injection level), 3 ft. 8 in., and thence at intervals of approximately 2 ft. toa height of - 
31 ft. 8 in. above forest floor. Arrows indicate injection points. Radial depth of chisel . 
penetration less than 0.50 in. 
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Fic. 9. Staining pattern observed in elm following the incision of the bole at two 
points on circumference. Sections taken at 1 ft. 1 in., 2 ft. 1 in., 3 ft. 1 in. (injection 
level), 4 ft. 1 in., and thence at intervals of approximately 2 ft. toa height of 26 ft. 1 in. 


above forest floor. Arrows indicate injection points. Radial depth of chisel penetration 
less than 0.50 in. 


Fic. 10. Staining pattern observed in yellow birch: stem more than half sawn through 
at one level and then injected below saw cut at two points on circumference of bole. 
In trees treated in this manner, when saw cut was made on southern face of bole, injection 
points occupied east and west faces. Sections taken at 1 ft. 9 in., 3 ft. 9 in., ‘4 ft. 9 in. 
(injection level), 5 ft. 9 in., 6 ft. 9 in., 7 ft. (saw cut), 7 ft. 9 in., and thence at intervals 
of 2 ft. to a height of 25 ft. 9 in. above forest floor (section at 19 ft. 9 in. not included ). 
Arrows indicate position and orientation of saw cut and injection points. Radial depth ot 
chisel penetration averaged less than0.50in. Tree injected less than one hour after sawing. 
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Fic. 11. As in Fig. 10: staining pattern characteristic of elm. Sections taken at 
1 ft. 1Lin., 2 ft. 7 in. (injection level), 3 ft. 7 in., 4 ft. 7 in., 4 ft. 10 in. (saw cut), 6 ft. 7 in., 
and thence at 2 ft. intervals to a height of 24 ft. 7 in. above forest floor. (Section at 
20 ft. 7 in. not included.) Arrows indicate position and orientation of saw cut and 
injection points. Radial depth of chisel penetration less thang0.50 in. Tree injected 
less than one hour after sawing. , 


Fic. 12. Staining pattern observed in yellow birch: stem more than half sawn through 
at two levels and then injected at two points on circumference of bole. Saw cuts made 
on north and south faces, injection points on east and west faces. Sections taken at 1 ft. 
8 in., 2 ft. 8 in. (injection level), 3 ft. 8 in., 3 ft. 10 in. (lower saw cut), 4 ft. 8 in., 5 ft. 
8 in., 6 ft. 4 in. (upper saw cut), 7 ft. 8 in., and thence at intervals of approximately 2 ft. 
to a height of 29 ft. 8 in. above forest floor. Arrows indicate position and orientation of 
saw cuts and injection points. Radial depth of chisel penetration less than 0.50 in. 
Tree injected less than one hour after sawing. 
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Fic. 14. As in Fig. 13: staining pattern characteristic of elm. Sections taken at 2 ft. 
4in., 3 ft. 4 in. (injection level), 4 ft. 4 in., 5 ft. 1 in. (sawcut), 5 ft. 4 in., and thence at 
intervals of approximately 2 ft. to a height of 29 ft. 4 in. above forest floor. (Section at 
23 ft. 4 in. not included.) Arrows indicate position and orientation of saw cut and 
injection point. Radial depth of chisel penetration less than 0.50 in. Tree injected less 
than one hour after sawing. 


Fic. 13. Staining pattern observed in beech: bole half sawn through at one level 
and injected at one point on circumference immediately below saw cut. Sections taken 
at 1 ft. 3 in., 2 ft. 3 in. (injection level), 3 ft. 3 in., 3 ft. 11 in. (saw cut), 4 ft. 3 in., 6 ft. 
3 in., and thence at intervals of approximately 2 ft. to a height of 32 ft. 3 in. above forest 
floor. (Sections at 28 ft. 3 in. and 30 ft. 3 in. not included.) Arrows indicate position 
and orientation of saw cut and injection point. Radial depth of chisel penetration less 
than 0.50 in. Tree injected less than one hour after sawing. 
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Complete incision of the lower boles of trees of all species investigated led 
to the development of fairly uniform staining patterns in the outermost 
growth layers as viewed in longitudinal and transverse section. The patterns 
observed suggest a localization of diffusion pressure deficits to the moisture 
of the newer wood under normal conditions of transpiration, the relative 
iack of lateral transfer indicating the previous existence of relatively small 
negative pressures in unstained areas. However, partial injection of lower 
boles resulted in staining patterns characterized by pronounced centripetal 
transfer. Likewise, the sawing of the bole prior to injection commonly 
enhanced lateral transfer. It is suggested that the varying patterns of stain- 
ing observed were due to a redistribution of tensions following different 
experimental treatments, and to a probable difference in the locus of action 
of the forces responsible for moisture movement under these differing 
conditions of uptake. 


The movement of tracers in injected stems is commonly attributed either 
to a differential in pressure between the atmosphere and the gaseous contents 
of vessels, or to injection into moving continuous water columns (6, 7). 
Staining patterns observed in the present study in wholly or partially injected, 
but otherwise untreated, diffuse porous hardwood and softwood stems indicate 
that either or both of these factors may be involved. However, in unspe- 
cialized hardwood and softwood stems, conducting elements are of deter- 
minate length, and complete incision of the bole results in the severance of 
the bulk of the functional water-conducting elements at a specific level. 
Moisture movement under these conditions would, therefore, appear to be 
attributable solely to internal and external pressure differences (3). However, 
this mechanism would lead to the prediction of decreasing rates of uptake 
with increasing intervals of time, a result which was by no means consistently 
observed in the present study (see Table I). 


The situation in ring porous species is still more complex. In specialized 
woods such as ash, elm, and oak, vessels extend over the entire length of the 
bole (4), staining patterns indicating that conduction is restricted to the 
outermost growth layers. Thus, the injection of these woods would result 
in the severance of all water-conducting elements in the stem. Virtually 
all elm trees investigated in the present study exceeded 35 ft. in height, and 
hence the explanation for the movement of moisture to the tops of these trees 
must involve some factor in addition to pressure differentials or injection into 
continuous water columns. 


Fic. 15. Staining pattern observed in balsam poplar following the injection of the 
bole at one point on circumference. Sections taken at 2 ft. 3 in., 3 ft. 3 in. (injection 
level), 4 ft. 3 in., and thence at intervals of approximately 2 ft. to a height of 34 ft. 3 in. 
above forest floor. Arrow indicates injection point. Radial depth of chisel penetration 
less than 0.50 in. 
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The sawing of the bole prior to injection introduces a further complication. 
In beech, birch, cherry, and elm, saw cuts were made in such a manner that 
the distance between the upper saw cut and the injection level was greatly 
exceeded by the length of the unit vessel in these species. Saw kerf in these 
experiments averaged 0.375 in., and the interior of the bole remained open 
to the atmosphere throughout the entire injection period (see Fig. 1). Con- 
sequently, with two saw cuts each extending through more than one half 
the diameter of the bole and less than one vessel length apart, all vessels in 
this region of the stem were severed, and the vessel contents exposed to 
atmospheric pressure. In the case of elm, in which species the water- 
conducting elements extend from the extremities of the secondary wood of 
branches of the upper crown to ground level, the pressures inside and outside 
the entire length of the bole and branches were equalized prior to injection. 
Nevertheless, in both ring porous and diffuse porous species, the dye solution 
moved quickly and without difficulty into the apices of all trees injected. 
A large number of trees treated in this manner were injected immediately 
after the double-sawing of the boles, and hence the possibility of continued 
moisture movement via newly-formed tissue bridges cannot be entertained. 

These considerations invite attention to the mechanism of moisture move- 
ment in large woody stems. Results obtained in the present study indicate 
that moisture moves upwards, and downwards, despite complete severance 
of all water-conducting channels, and in the face of a zero pressure difference 
between the inside and outside of the bole. A common characteristic of 
this severance in sawn, injected boles is enhanced lateral transfer. In the 
critically important ring porous structure, staining patterns approach nor- 
mality very quickly, both in space and time, and rates of uptake are not 
greatly reduced. These observations suggest that the mechanism of moisture 
movement, despite the relatively drastic treatments described above, has not 
been greatly altered or impaired. However, the continued movement of 
moisture under the experimental conditions noted above requires, as a 
consequence of classical theory, extremely rapid water conduction through 
pits and cell walls, the instantaneous redevelopment of tensions, and the 
immediate refilling of vessels under circumstances of negative pressure, 
conditions which, from a physical and structural viewpoint, are extremely 
difficult to fulfill. These considerations lead to speculation regarding the 
fate of vessel contents subsequent to fracture as a consequence of injection 
or sawing, and further studies are planned accordingly. 


Acknowledgments 


The author gratefully acknowledges his indebtedness to Professors I. W. 
Bailey, K. V. Thimann, and R. H. Wetmore of Harvard University for 
their interest and assistance during the course of this study. They offered 
stimulating counsel and advice throughout, and gave most generously of 
their time to the critical consideration of the manuscript. 


| 

i ? 
5 

( 

4 7 

ny: 

ag 


GREENIDGE: MOISTURE MOVEMENT 2 


Nm 


References 

Baker, H. and JaMes, W. O. The behaviour of dyes in the transpiration stream of 
sycamores (Acer pseudoplatanus L.). New Phytologist, 32 : 245-260. 1933. 

BANFIELD, W. M._ Distribution by the sap stream of spores of three fungi that induce 
vascular wilt diseases of elm. J. Agr. Research, 62 : 637-681. 1941. 

Crarts, A. S., CURRIER, H. B., and SrockinG, C. R. Water in the physiology of plants. 
Chronica Botanica Company, Waltham, Mass. 1949. 

GREENIDGE, K. N. H. An approach to the study of vessel length in hardwood species. 
Am. J. Botany, 39 : 570-574. 1952. 

GREENIDGE, K. N. H. Further studies of birch dieback in Nova Scotia. Can. J. Botany, 
31 : 548-559. 1953. 

Preston, R. D. The contents of the vessels of Fraxinus americana with respect to the 
ascent of sap. Ann. Botany (London), 2: 1-22. 1938. 


Sropparb, E. M. and Drmonp, A. E. The chemotherapy of plant diseases. Botan 
Rev. 15 : 345-376. 1949. 


a 
| 
— 
i. 
3 
6. 
3 
We 
‘ 
a 


3 

al 

* 

ie 

, 

a 

| 


THE COMMONWEALTH FORESTRY BUREAU 


OxForRD, ENGLAND 


This branch of the Commonwealth Agricultural Bureaux, set up by the Governments of 
the British Commonwealth, operates as a centre for the collection and dissemination of 
information on forestry—not only forest botany and ecology, silviculture, protection, survey 
and management, but also logging and utilization, economics, administration, policy and 
influences. 


FORESTRY ABSTRACTS: These survey current world literature on forestry, 
abstracting regularly from over 550 periodicals, over 700 serials, bulletins, etc. and countless 
miscellaneous publications written in some 30 languages. Each issue normally includes a 
review article and a news feature. Price for four quarterly numbers and an annual index 
60s. p.a. (48s. for direct orders from British Commonwealth residents, other than book sellers). 


GUIDE TO THE USE OF FORESTRY ABSTRACTS: An invaluable adjunct to 
the Abstracts, with a key to the full names and addresses of publications noticed and many 
other aids. Price 5s. 


THE OXFORD SYSTEM OF DECIMAL CLASSIFICATION FOR FORESTRY: 
The definitive English text as approved by the International Union of Forest Research 
Organizations and FAO. Price 19s. (ordinary), 12s. 6d. (interleaved). 

OCCASIONAL PUBLICATIONS AND REPRINTS OF REVIEW ARTICLES: List 
on request direct from COMMONWEALTH AGRICULTURAL BUREAUX, CENTRAL 
SALES BRANCH, Farnham Royal, Bucks, England, to whom all correspondence regarding 
publications should be addressed. 


All prices include postage and are payable in Sterling or Dollars (€1 = $2.80). 


THE COMMONWEALTH BUREAU OF PLANT 
BREEDING AND GENETICS 


SCHOOL OF AGRICULTURE, CAMBRIDGE, ENGLAND 


PLANT BREEDING ABSTRACTS is a quarterly journal containing abstracts of 
current literature throughout the world. All publications having a direct or indirect bearing 
on the breeding of economic plants are mentioned, the fields covered including genetics, 
cytology, evolution, practical improvement by selection and by more modern methods such 
as induced mutation and polyploidy, the use of hybrid vigour in raising vields, and the 
application of interspecific crosses to utilize the valuable genes of wild and indigenous floras. 
Not only the commoner crop plants are considered but also vegetables, temperate and tropical 
industrial plants and fruits, and even forest trees and microorganisms. A special feature of 
Plant Breeding Abstracts is that works published in the more unfamiliar languages are abstracted 
extensively, including those written in other scripts such as Russian, Japanese, Chinese and 
Arabic. The last volume contained abstracts, in English, of articles written in 33 different 
languages. There are also sections devoted to notices of new books and periodicals. 


Plant Breeding Abstracts is produced and edited by the Commonwealth Bureau of Plant 
Breeding and Genetics, School of Agriculture, Cambridge, England, on behalf of the Common- 
wealth Agricultural Bureaux, Farnham House, Farnham Royal, Nr. Slough, Bucks. Sub- 
scription rates are 60s. per volume (with subject index), less 20% to subscribers in the British 
Commonweatlh (other than recognized booksellers) who send their subscriptions direct. Orders 
may be placed through booksellers or sent to: COMMONWEALTH AGRICULTURAL 
BUREAUX, CENTRAL SALES BRANCH, Farnham House, Farnham Royal, Nr. Slough, 
Bucks, England, 


j 

a 

a 

} 

iq 

: 


COMMONWEALTH BUREAU OF ANIMAL HEALTH 
WEYBRIDGE, ENGLAND 
Two publications are issued regularly which deal with the world literature on veterinary 
science and cognate sciences. 


The VETERI .ARY BULLETIN, a monthly abstracting journal in which approximately 
4000 abstracts appear annually. 


The INDEX VETERINARIUS appears quarterly and indexes under subject and 
authors some 10,000 titles each year. The titles are grouped under subjects and amply 
cross-referenced. 


These publications cater for research workers, public health administrators, veterinary 
educationists and practitioners and give an unrivalled coverage of the literature from all 
languages. 

The annual subscription rate and frequency of publication are:— 


Veterinary Bulletin—Monthly..................... £3 Os. Od. 
Index £5 Os. Od. 


Orders should be sent to: CENTRAL SALES BRANCH COMMONWEALTH 
AGRICULTURAL BUREAUX, Nr. Slough, Bucks, England. 


| 
2 
1 


bs: 
4 


Notes to Contributors 
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Manuscripts should be typewritten, double spaced, on paper 8} X 11in. The original 
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charged for changes made in the proof that are considered excessive. 
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after the text. The form of the citations should be that used in this journal; in references to 
papers in periodicals, titles should be given and inclusive page numbers are required. 
All citations should be checked with the original articles, and each one referred to in the text 
by the key number. 
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Tables should be numbered in roman numerals and each table referred to in the text. 
Titles should always be given but should be brief; column headings should be brief and 
descriptive matter in the tables confined toa minimum. Vertical rules should be used only 
when they are essential. Numerous small tables should be avoided. 
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name, title of the paper, and figure number should be written in the lower left-hand corner 
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linen, or co-ordinate paper ruled in blue only; any co-ordinate lines that are to appear in 
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of sufficient thickness to reproduce well. Decimal points, periods, and stippled dots should 
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be neatly made, preferably with a stencil (do NOT use typewriting), and be of such size 
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Many drawings are made too large; originals should not be more than 2 or 3 times the 
size of the desired reproduction. In large drawings or groups of drawings the ratio of height 
to width should conform to that of a journal page but the height should be adjusted to make 
allowance for the caption. 

The original drawings and one set of clear copies (e.g. small photographs) are 
to be submitted. 

(iii) Photographs 

Prints should be made on glossy paper, with strong contrasts. They should be 
trimmed so that essential features only are shown and mounted carefully, with rubber cement, 
on white cardboard with no space or only a very small space (less than 1mm.) between them, 
In mounting, full use of the space available should be made (to reduce the number of cuts 
required) and the ratio of height to width should correspond to that of a journal page 
(4¢ X 74 in.); however, allowance must be made for the captions. Photographs or groups of 
photographs should not be more than 2 or 3 times the size of the desired reproduction. 

Photographs are to be submitted in duplicate; if they are to be reproduced in 
groups one set should be mounted, the duplicate set unmounted. 
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Charges for reprints are based on the number of printed pages, which may be calculated 
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